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ABSTRACT 
Aerogel is a highly porous and lightweight solid material that is prepared by replacing the liquid 
phase of a gel with air in such a way that the three-dimensional polymeric network remains intact 
in a dry state. Polysaccharides as aerogel-forming materials have attracted attention over the past 
few years due to their excellent innate properties, such as their non-toxicity, eco-friendliness, and 
derivation from renewable resources. Therefore, aerogels from polysaccharides have enormous 
potential for biomedical, pharmaceutical, and food industrial applications. Formation of the gel is 
the first step towards the aerogel preparation, though not all polysaccharides tend to form a gel in 
their native form. It is therefore required to make some modifications to their structures. The choice 
of modification technique is of the greatest importance in developing polysaccharide-based 
aerogels for food and food-related applications because the modification technique should be safe. 
In this thesis, galactose oxidase (GaO) was used as a safe and environmentally friendly 
modification technique to oxidize and cross-link the polysaccharides guar galactomannan (GM) 
and tamarind seed xyloglucan (XG). Furthermore, the oxidation ability of GaO and the formation 
of GM and XG hydrogels were studied in the presence of varying quantities (5–25%) of 
nanofibrillated cellulose (NFC) as a reinforcing agent to obtain composite hydrogels. The liquid 
phase of the hydrogels was removed using two different drying techniques: lyophilization and 
supercritical CO2 (sc-CO2) drying, and the relationship of these techniques to the aerogels’ 
properties, such as volumetric shrinkage, morphology, specific surface area, and mechanical 
behavior, were also studied. In this thesis, the synchrotron X-ray microtomography (XMT) 
technique was used as a modern and non-invasive imaging technique to characterize the aerogels 
for qualitative and quantitative morphological features in relation to their processing conditions.  
The enzymatic oxidation of GM and XG with and without NFC-reinforcement allowed for the 
formation of elastic hydrogels. This study showed that the addition of NFC up to 25% did not 
hinder the enzymatic activity, and in this way, composite hydrogels were obtained. NFC-
reinforcement significantly increased the elastic modulus (Gʹ) as compared to the corresponding 
plain GM and XG hydrogels, but this effect depended on the type of polysaccharide (GM or XG). 
Replacing the liquid phase of the hydrogels with solvent also showed the strengthening effect of 
NFC in relation to the GM hydrogel matrix. NFC reduces the volumetric shrinkage, which is 
dependent on the type of solvent.  
The lyophilization drying technique is more efficient in terms of preserving the hydrogel’s original 
volume when converting to the aerogel, especially as compared to supercritical CO2 drying, which 
showed significant volumetric shrinkage during the drying process. However, supercritical CO2-
dried aerogels displayed mesoporous structures with pores sizes in the range of few nanometers to 
a few hundred nanometers that resulted in high surface areas up to 330 m2/g of such aerogels. In 
contrast, lyophilized aerogels displayed different morphologies; for example, the size of the pores 
ranged from 125 to 250 μm, and they exhibited a low surface area (< 10 m2/g). The three-
dimensional structures of the studied polysaccharide-based aerogels were successfully visualized. 
Quantitative data provided a complete range of pore sizes and pore wall thickness distributions that 
were dependent on the ice-templating methods and NFC reinforcement. 
In conclusion, this study revealed that the properties of the studied polysaccharide-based composite 
aerogels depend on processing parameters, the choice of drying techniques, and the addition of a 
reinforcing agent. The properties of GM- or XG-based aerogels can be tailored to a desired 
application through the selection of a drying method with carefully controlled processing 
conditions. XMT proved to be a promising characterization technique for bio-based porous 
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Polysaccharides are polymeric carbohydrate molecules composed of long chains of 
monosaccharide units bound together by glycosidic linkages. The sources of polysaccharides 
include numerous plants and the by-products of industrial processes, such as from the side-streams 
of the agriculture and forestry industries (Perez et al. 2002; Soderqvist Lindblad et al. 2005). 
Polysaccharides are diverse in their structures, which can range from linear to highly branched, and 
are composed of repeating units of the same monosaccharide or contain various monosaccharides 
in different compositions with different molar masses. These characteristics make them 
multipurpose biopolymers for modern industrial applications (Scheller and Ulvskov 2010; Van 
Vlierberghe et al. 2011). Furthermore, the non-toxicity and biodegradability of polysaccharides 
make them attractive candidates for bio-based materials, with the potential to replace petroleum-
based materials in the future (Wahab and Razak 2016). An example of this would be the highly 
porous and lightweight material known as an aerogel, which is currently in development.  
Aerogel is a man-made, ultralight, solid material that is characterized by a highly porous structure 
and a low density with a very high surface area. Aerogels can be formed by replacing the liquid 
phase of a gel with air/gas using techniques that maintain the three-dimensional (3D) structure of 
the gel in a dry state (Kistler 1931; Quignard et al. 2008). The history of the aerogel started in 1931 
when Kistler reported a silica aerogel prepared by supercritical CO2 drying (Kistler 1931). This 
invention opened a new era for the development of lightweight materials with unique properties. 
Due to their excellent properties, silica and their precursors from the inorganic family have been 
widely studied for aerogel formation (Hüsing and Schubert 1998; Soleimani Dorcheh and Abbasi 
2008; Gurav et al. 2010; Olalekan et al. 2014). Silica aerogels display porosities of up to 99.8%, 
densities of approximately 0.003 g/cm3, and surface areas up to 1200 m2/g. In addition, these 
aerogels have a low thermal conductivity (< 3 mW/mK), and a low sound velocity (~100 m/s) 
(Gurav et al. 2010; Cuce et al. 2014; Stergar and Maver 2016). Such properties are well adapted 
for adsorption, sensing, catalysis, and thermal and acoustic insulation applications.  
The research has been extended to organic polymers for aerogel formation. Resorcinol-
formaldehyde and melamine-formaldehyde have been extensively study as aerogel-forming 
matrices from organic polymers (Hair et al. 1988; Pierre and Pajonk 2002; Mulik and Sotiriou-
Leventis 2011). These organic aerogels also possess characteristic properties of the traditional, 
silica aerogels, like a low density of around 0.24 g/cm3, high surface areas up to 1000 m2/g, and 
excellent mechanical and thermal properties (Hrubesh and Pekala 1994; Hüsing and Schubert 1998; 
Pierre and Pajonk 2002). Aerogels considered for life-science applications should be non-toxic, 
biocompatible, and biodegradable, but silica aerogels are brittle and non-biodegradable, while 
resorcinol-formaldehyde and melamine-formaldehyde aerogels involve toxic elements in their 
processing (Pierre and Pajonk 2002; Mehling et al. 2009).  
Most of the polysaccharides in their native form do not possess the optimal functionality, for 
example, strong gel forming ability at low concentrations which is required for certain applications 
like aerogel formation. Therefore, polysaccharides require some modifications to achieve such 
functionality. Chemical cross-linking is an easy and quick way to introduce a new functionality to 
polysaccharides. When using modified polysaccharides for material in contact with humans or for 
human consumption, then chemical cross-linking is considered a safety risk due to the toxicity of 
the chemical used as a cross-linker (Cumpstey 2013; Reddy et al. 2015). Another drawback of 
chemical cross-linking is the non-selective catalytic activity of the chemicals, which results in side 
product formation (Cumpstey 2013). Enzymes were exploited as an alternative way for 
polysaccharide functionalization in order to avoid the limitations faced by chemical modification 
(Gu and Cheng 2005; Karaki et al. 2016). Enzymatic modification has many advantages, including 
a regio-selective reaction, mild reaction treatments, and the ability to introduce desired 
functionality to polysaccharide products (Cheng and Gu 2002; Gu and Cheng 2005; Cheng and Gu 
2012; Karaki et al. 2016). Galactose-containing polysaccharides were also successfully modified 
using galactose oxidase to create a cross-linking network that resulted in the formation of a gel 
(Parikka et al. 2010). Using an enzyme as a cross-linker is advantageous for making the final 
product safe.  
Polysaccharides have attracted attention over the past few years (García-González et al. 2011; 
Mikkonen et al. 2013; Stergar and Maver 2016). Aerogels from a single biopolymer sometimes 
exhibit poor properties or lack some properties, such as displaying a poor mechanical performance 
or having a brittle structure, like in the case of calcium-alginate aerogels (Cheng et al. 2012). 
Therefore, efforts have been made to incorporate fiber or inorganic clay as a reinforcing agent into 
the gel matrix of the inorganic aerogels (Pojanavaraphan and Magaraphan 2008; Yang et al. 2011; 
Cai et al. 2012; Sedighi Gilani et al. 2016). Biocomposite aerogels with optimal mechanical 
properties are advantageous for various applications (Köhnke et al. 2012; de Souza et al. 2013; 
Quraishi et al. 2015; Raman et al. 2015a; Gonçalves et al. 2016; Barros et al. 2016). To accelerate 
the use of bio-based composite aerogels in the future, it is important to know the relationship 
between the processing conditions and the role of a reinforcing agent in regards to the porous 
structure of the aerogels and their related properties. 
In this thesis, a literature review provides an overview of plant polysaccharides, particularly 
relating to galactose-containing plant polysaccharides, their structure, galactose oxidase as a 
modification tool, and the properties of aerogels in relation to drying technique and reinforcement 
agent. The experimental part summarizes the data presented in three publications (I-III). In this 
thesis, the potential for enzymatic oxidation of galactose-containing polysaccharides (guar 
galactomannan and tamarind seed xyloglucan) on the formation of hydrogels and their properties 
were thoroughly studied in the presence of nanofibrillated cellulose (NFC). The effect of 
processing conditions, drying techniques, and NFC reinforcement on the 3D porous structures of 
the aerogels were investigated with synchrotron X-ray microtomography (XMT), a high-resolution 
characterization and non-invasive imaging technique.   
2 LITERATURE REVIEW 
2.1 Polysaccharides 
The depletion of fossil oil reserves and their ever-increasing prices drive the search for alternative 
cheap and sustainable resources to produce fuels and chemicals that have a minimal impact on the 
environment, which can produce long-term economic benefits. This shifts the society from fossil 
fuel-dependence to a more sustainable-based resource economy (Deutschmann and Dekker 2012). 
In the future, to make economic growth more sustainable and secure, actions are needed to convert 
biomass into biofuels, chemicals, and raw material inputs for modern biorefineries. Plant 
polysaccharides are abundant, and their full utilization potential is vital for a future sustainable 
bioeconomy because plant polysaccharides are labeled as non-toxic, biodegradable, and 
biocompatible. Most importantly, they come from renewable resources. These inherit properties of 
plant polysaccharides make them a highly valuable raw material for modern industry. 
Plant polysaccharides are widely available on this planet. They are long-chain biopolymers of 
carbohydrate molecules, and their backbone is comprised of monosaccharide units bound together 
by glycosidic linkages. Cellulose is the predominant polysaccharide of the plant cell wall, where it 
makes up 45–55% of the cell wall. Because of its high prevalence in plant cells, cellulose is 
naturally part of the human diet as dietary fiber. It is also utilized for food-contact material in the 
form of food packaging due to its safety. Cellulose is a distinct and well-defined polysaccharide, 
as it is composed entirely of β-(1→4)-linked chains of glucose (O'Sullivan 1997). NFC is nano-
sized cellulose fiber that is produced by high-shear disintegration and homogenization from wood 
pulp (Turbak et al. 1983). Due to the peculiar properties of NFC, plant cellulose regained interest 
in research for bio-based materials and novel food applications (Gómez H. et al. 2016).  
Other non-cellulosic, cell-wall polysaccharides are grouped into pectins and hemicelluloses. 
Pectins are cell-wall polysaccharides that are rich in galacturonic acid and can be extracted with 
chelating agents, such as oxalate, in combination with heating. They are widely used in the food 
industry, such as in the making of jam, for their gelling and thickening properties (Voragen et al. 
2009). Hemicelluloses comprise the second-most abundant group of plant polysaccharides after 
cellulose (Limayem and Ricke 2012; Zabed et al. 2016). They can be extracted from the cell wall 
with base. They are heterogeneous, short-chain, branched biopolymers, and their side branches are 
comprised of different sugar units. These polysaccharides are composed of different 
monosaccharide units such as pentoses (D-xylose and L-arabinose), hexoses (D-galactose, D-
mannose, and D-glucose), and sugar acids (Moreira and Filho 2008). They are grouped into xylans, 
xyloglucans, mannans, and β-(1→3,1→4)-glucans based on the main types of sugar residues 
present in the backbone chain (Scheller and Ulvskov 2010). They are present in both softwood and 
hardwood, but their distributions among these wood types are different. For example, xylans are 
mostly present in hardwood, whereas in softwood, mainly glucomannans are present. These groups 
of polysaccharides can be extracted in large quantities from numerous resources, like plants and 
the by-products of industrial processes, such as from side-streams of the agriculture and forestry 
industries (Perez et al. 2002).  
Hemicelluloses play a structural role in the plant cell wall where they provide strength by tethering 
the adjacent cellulose fibers and sometimes also interact with lignin (Perez et al. 2002). 
Additionally, mannans and xyloglucans are present in the endosperms of various plants where they 
function as seed-storage polysaccharides (nonstarch). These seed-storage polysaccharides have a 
similar structure to hemicelluloses, but due to their properties, they are considered to be a part of 
the group of plant-originated gums (Mikkonen and Tenkanen 2012; Prajapati et al. 2013; Thombare 
et al. 2016). For example, mannans (e.g., galactomannas, a sub-family of mannans) are obtained 
from the seeds of guars and xyloglucans are obtained from the seeds of tamarinds (Wielinga 2009; 
Mishra and Malhotra 2009). Galactomannans and xyloglucans are mostly present in the seeds of 
cotyledons and endosperms. They act as energy reserves for germination and water retention to 
avoid complete drying of the seeds (Moreira and Filho 2008). Galactomannans and xyloglucans 
have a long history in the food industry, serving as thickeners, viscosity modifiers, and stabilizers 
(Mishra and Malhotra 2009; Mudgil et al. 2014; Thombare et al. 2016).  
Galactomannans and xyloglucans, due to their water solubility, thickening, emulsifying, gel-
forming ability, stability in a wide range of pH, and more importantly, biodegradability, have been 
extensively explored by various researchers (Nishinari et al. 2007; Prajapati et al. 2013) in their 
native form or with structural modifications (Thombare et al. 2016). From the last decade, they 
received more attention for bio-based material development due to their safety, availability, and 
low-cost as a raw material (Simi and Abraham 2010; Mikkonen and Tenkanen 2012; Prajapati et 
al. 2013). These polysaccharides exhibited different solution properties due to differences in molar 
mass, side-chain substitution, and sugar units in the backbone chain that are more likely to also 
affect their gel properties and, consequently, the properties of bio-based materials made from them. 
Therefore, this literature review is focused on the structure, modification techniques, and properties 
of bio-based materials of these polysaccharides. 
2.1.1 Guar galactomannan 
Guar galactomannan (GM) is derived from the seeds of an annual agricultural crop of guar 
(Cyamopsis tetragonoloba), a member of the Leguminosae family (Figure 1). It is mostly grown 
in India, Pakistan, Sudan, and some parts of the USA, though India and Pakistan account for 90% 
of world’s guar production, in which India has the higher share (Mudgil et al. 2011; Thombare et 
al. 2016). GM is readily available and a cheaper source of galactomannans than other sources, such 
as locust bean and tara gums. GM consists of linear backbone chains of (1→4)-β-D-mannosyl 
(Manp) units with branch points of α-D-galactosyl (Galp) units attached by (1→6) linkages (Figure 
1D). Many studies have shown that the mannose to galactose ratios are varied, however, within the 
range of 1.6:1 to 1.8:1. GM contains 40% galactosyl units as a side branch and 60% mannosyl units 
as the backbone (Daas et al. 2000) (Table 1).  
GM is a high molar mass (M = 2.6 x 106 g/mol) and water soluble polysaccharide. Some mannans 
and xylans are water insoluble, and partial acetylation is required to make them water soluble 
(Pawar et al., 2013; Chokboribal et al., 2015). In aqueous solutions, the side-chain galactosyl 
residues of GM interact with water molecules. This causes inter-molecular chain entanglement 
(hydrogen bonding), which results in a viscous solution, even at low concentrations (Iqbal and 
Hussain 2010). This entanglement increases further to induce gelling or thickening with the 
increase in the concentration of GM in the solution. An aqueous solution of GM (1%) displayed a 
viscosity up to 10 Pa. s (Parija et al. 2001) and exhibited shear-thinning properties with a 
pseudoplastic flow (Tripathy and Das 2013).  
Table 1: Approximate carbohydrate composition (The ratio of sugar units is presented as a molar 
percentage) and molar mass of guar galactomannan (GM) and tamarind seed xyloglucan (XG). Gal 
= galactose, Man = mannose, Glc = glucose, Xyl = xylose.  
 
GM is widely used as a viscosity modifier and stabilizer in food, textiles, paper, cosmetics, 
bioremediation, drug delivery, medical use, and pharmaceuticals (Prajapati et al. 2013; Thombare 
et al. 2016). Additionally, GM-based films (Mikkonen et al. 2007) have the potential to serve as 
sustainable food-packaging materials (Mikkonen and Tenkanen 2012). Various modifications in 
the structure of GM have been adopted to add new properties (Zhang et al. 2005), such as 
etherification (Pal et al. 2007), esterification (Fujioka et al. 2009; Shenoy and D'Melo 2010), 
chemical oxidation (Gong et al. 2011), enzymatic oxidation (Parikka et al. 2015), cross-linking 
(Gliko-Kabir et al. 1998), enzymatic hydrolysis (Cheng et al. 2002), and grafting (Tiwari and 
Prabaharan 2010). The physiochemical properties of modified GM (Wientjes et al. 2000; Sandolo 
et al. 2007) are utilized in various technological fields, such as for colon-specific drug delivery 
(Gliko-Kabir et al. 2000) and in controlled drug delivery systems (Prabaharan 2011; Aminabhavi 













Molar mass (M) 
(g/mol) 
References 
GM 40 60 - - 2.6 x 106 (Dea and Morrison 1975; York 
et al. 1993; Parikka et al. 2010) XG 16 - 48 36 4.7 x 105 
 
2.1.2 Tamarind seed xyloglucan 
The tamarind tree (Tamarindus indica) is widely present in the tropics and in subtropical regions. 
The fruit of the tamarind tree is pod-like (Figure 2A) and contains a fleshy part and seeds with a 
very hard covering (Figure 2B). Tamarind seeds are the by-product of the tamarind industry, and 
they contain almost 60% xyloglucan, making them a commercial and abundant source of 
xyloglucan (Figure 2). Other sources of xyloglucans are Detarium senegalense, Afzelia africana, 
and Jatoba (Kochumalayil et al. 2010).  
Tamarind seed xyloglucan (XG) is composed of a β-(1→4)-D-glucosyl (Glcp) backbone chain 
(48%) that is partially substituted by α-(1→6)-D-xylopyranosyl (Xylp) (36%). Some of the xylose 
residues are further substituted by β-(1→2)-D-galactosyl (Galp) units (16%) (Table 1, Figure 2D) 
(Mishra and Malhotra 2009). XG is a water-soluble, seed-storage polysaccharide (non-starch). 
Picout et al. reported that the individual macromolecules do not tend to fully hydrate, and therefore, 
supramolecular chain aggregations were found in very dilute aqueous solutions of XG (Picout et 
al. 2003). XG can form different chain conformations in aqueous solutions, such as a cross-like 
A B 
C 
Figure 1: A) Guar (Cyamopsis tetragonoloba) plant, B) guar seed, and C) guar gum 
powder. D) The partial structure of guar galactomannan (GM). The terminal galactosyl 
unit is highlighted by the ring structure. Photos A, B, and C are licensed for non-
commercial use. 
D 
conformation when aggregated, parallel-like assemblies, and rope-like structures, as well (Kozioł 
et al. 2015).  
 
XG in solution can form a gel through enzymatic degradation by β-galactosidase (Shirakawa et al. 
1998) or through the addition of alcohol, polyphenols, or an iodine solution (Yuguchi et al. 2004). 
XG formed a thermally responsive gel when more than 35% of the galactose from the side chain 
was cleaved using fungal enzyme β-galactosidase (Shirakawa et al. 1998; Brun-Graeppi et al. 
2010), and this can be thermo-reversible upon cooling. A higher percentage of galactose removal 
increased the temperature range of gelation for XG (Shirakawa et al. 1998). XG is commonly used 
in food and cosmetics as a gelling agent, an emulsion stabilizer, or as thickener (Mishra and 
Malhotra 2009) due to its excellent stability to heat and acids. It is also used as a wet-end additive 
in the paper industry (Mishra and Malhotra 2009). Ocular film from XG can be used for the delivery 
of ocular drugs, such as ciprofloxacin (Mahajan and Deshmukh 2015). Recently, XG became an 
attractive biopolymer for the preparation of biodegradable films for the controlled release of drugs 
(Simi and Abraham 2010; Kochumalayil et al. 2010; Cerclier et al. 2013). 
C A B 
Figure 2: A) Tamarind seed (Tamarindus indica) plant, B) tamarind seeds, and C) 
xyloglucan powder from the tamarind seed. D) The partial structure of tamarind seed 
xyloglucan (XG). The terminal galactosyl unit is highlighted by the ring structure. 
Photos A, B, and C are licensed for non-commercial use.  
D 
2.1.3 Nanofibrillated cellulose 
Cellulose is the most abundant, renewable, and biodegradable natural biopolymer present on earth. 
It is the main structural component of plants, with an annual production of 7.5 x 1010 tons (Habibi 
et al. 2010). Cellulose is also present in tunicate animals, and some bacteria are also capable to 
produce extracellular cellulose (de Souza Lima and Borsali 2004). It is a linear-chain 
polysaccharide, and the degree of polymerization (number of monomeric units in a polymer) in 
wood cellulose is approximately 10,000 glucose units (John and Thomas 2008). In plant cell walls, 
cellulose plays a structural role and provides strength and flexibility to the plants. Plant cellulose 
regained scientific interest recently due to its hierarchically ordered material. Cellulose is present 
as aggregates of microfibrils (elementary supramolecular units of cellulose), with each microfibril 
having diameter of 3–4 nm in wood and about 20 nm in 
some algae, and stretching to several tens of micrometers 
in length. Each microfibril consists of alternating 
crystalline and disordered parts (Nishiyama et al., 2013). 
Turbak et al. reported the isolation of cellulose microfibrils 
from wood pulp for the first time (Turbak et al. 1983). 
Recent developments in the technology and methodology 
have been used to obtain high-quality, nano-sized cellulose 
fibers from cellulose fibrils aggregates (Nakagaito and 
Yano 2004; Pääkkö et al. 2007; Pääkkö et al. 2008). A 
high-shear homogenization or refining process, often in 
combination with enzymatic or chemical pre-treatment of 
the pulp, is used (Zimmermann et al. 2010; Abdul Khalil 
et al. 2014; Lee et al. 2014). Pre-treatment using enzymes 
(cellobiohydrolases and endoglucanases) and chemicals (alkaline-acid) helps to lower the energy 
consumption and degrades or modifies the lignin and hemicelluloses that improve the fibrillation 
during mechanical processing (Henriksson et al. 2007; Alemdar and Sain 2008). Currently, the 
more commonly used chemical pre-treatment is TEMPO (2,2,6,6-tetramethylpiperidine-1-oxly 
radical)-mediated oxidation (Isogai et al., 2011; Missoum et al., 2013).  NFC, after mechanical 
disintegration, forms an entangled network in aqueous suspensions that behaves like a gel due to 
physical gelation (Figure 3) and creates highly intertwined structures upon freeze drying.  
NFC is also called microfibrillated cellulose, cellulose nanofibrils, or cellulose nanofibers 
(Zimmermann et al. 2010; Abdul Khalil et al. 2014). The term nanofibrillated cellulose, or NFC 
for short, is used in this study. NFC is a nano-sized cellulose fiber whose diameter is nanometer in 
scale (≤100 nm) and can be several micrometers long (Nechyporchuk et al. 2014). NFC shows 
excellent mechanical properties; the Young’s modulus of a single NFC crystal was measured to be 
134 GPa, and the strength was in the range of GPa (Nishino et al. 1995). NFC is widely studied for 
the preparation of novel functional materials (Eichhorn et al. 2010; Gómez H. et al. 2016) for 
various applications, such as materials for controlled release, scaffolds, and matrices for cell growth 
Figure 3: Anionic nanofibrillated
cellulose gel (2.65 wt.% dry content).
in bio-medical fields (García-González et al. 2011); materials for thermal insulation (Kobayashi et 
al. 2014); and as a support for catalysis (Xiong et al. 2013). Increasing interest in the development 
of high-performance biocomposites makes NFC a next-generation renewable reinforcement in the 
polymer matrix (Zimmermann et al. 2010; Peng et al. 2011; Cai et al. 2012; Lee et al. 2014; De 
France et al. 2017).  
2.2 Hydrogels 
A gel is defined as a 3D network of polymers that absorbs and holds a large amount of solvent. 
The term “network” infers the physical or chemical cross-links needed to maintain the polymeric 
structure of hydrophilic groups or domains to avoid dissolution in the aqueous phase. Gels are 
called hydrogels when the solvent is water (Ahmed 2015). Chemical cross-linking methods involve 
the introduction of permanent linkages (covalent bonding) via a cross-linking agent. Physical cross-
linking can result in noncovalent interactions or combinations of hydrogen bonding, van der Waals, 
electrostatic, hydrophobic, and stereo-complexation interactions (Ikada et al. 1987; Hirschberg et 
al. 2000; de Jong et al. 2001; Reches and Gazit 2003). Hydrogels are characterized by an ability to 
retain a significant amount of water or biological fluids under physiological conditions and 
behavior similar to soft, living tissues, which make them interesting materials.  
Hydrogels can be prepared from natural, synthetic polymers and their blends. Natural polymers, 
mainly plant polysaccharides, have received much attention from researchers because they are 
economical and readily available (Nisbet et al. 2006; Coviello et al. 2007; Sandolo et al. 2007; 
Leone and Barbucci 2009; Borges et al. 2011; Yang et al. 2013; Li et al. 2015). Many 
polysaccharides in aqueous solutions form intra- and inter-molecular associations, and their 
functional groups, such as hemiacetal oxygens, hydroxyls, or methyl groups, undergo hydrogen 
bonding or van der Waals forces of attraction formation. These interactions lead to viscous 
solutions or gel formation. For example, NFC forms a gel at different concentrations due to 
hydrogen bonding (Pääkkö et al. 2007). The chain mobility of β-glucan in aqueous solutions and 
inter- and intra-chain hydrogen bonding results in gel formation (Lazaridou and Biliaderis 2007). 
Although, all native polysaccharides do not naturally form a gel, they can be cross-linked using 
various cross-linking techniques to induce gel formation. The gel-forming ability of 
polysaccharides is used in different applications, such as foods, cosmetics, pharmaceuticals, tissue 
engineering, and bio-based material development – like for aerogels (Mikkonen et al. 2013; Tako 
2015).  
Polysaccharides are diverse in nature and carry various functional groups (acetamido, amino, 
carboxyl, and/or hydroxyl groups) and have various backbone chain-length repeating units. The 
structural diversity allows them to be used for the creation of hydrogels with various 
functionalization techniques, such as chemical modification, enzymatic oxidation, and 
reinforcement with other biopolymers (Salam et al. 2011; Cumpstey 2013; Köhnke et al. 2014; 
Mikkonen et al. 2014; Alakalhunmaa et al. 2016; Qi et al. 2016; Karaki et al. 2016). Hydrogels 
from polysaccharides have many advantages over synthetic polymers due to their peculiar 
physicochemical properties that are suitable for many applications, particularly in drug delivery 
systems (Coviello et al. 2007); biomedical applications, such as soft-tissue regeneration and the 
delivery of biologically active substances (Coviello et al. 2007; Leone and Barbucci 2009; Van 
Vlierberghe et al. 2011; Yuan et al. 2013); and in food materials (Liu et al. 2012).  
Polysaccharide-based hydrogels have recently attracted attention for the development of 
biomaterials (Das et al. 2011; Coma 2013; de Souza et al. 2013). The mechanical properties and 
brittleness of traditional, physically cross-linked hydrogels limit their applications in biomaterials 
(Gong 2010). To overcome these limitations, polysaccharides were chemically cross-linked with 
glutaraldehyde, phosphate, and borate to form elastic and mechanically strong hydrogels (Gliko-
Kabir et al. 1998; Gliko-Kabir et al. 2000; Burruano et al. 2002). Hydrogels with enhanced 
mechanical properties were also prepared from quaternized polysaccharides and acrylic acid by 
free radical copolymerization in the presence of N,Nʹ-methylenebisacrylamide as a cross-linker (Qi 
et al. 2016).  
Chemical modifications of polysaccharides seem easy, quick, and introduces the required 
properties to the polysaccharides. However, the main drawback of this technique is the toxicity of 
the chemical reagents used and the lack of selectivity in their reaction which may results in side 
product formation (Cumpstey 2013). Therefore, chemically modified polysaccharides possess a 
risk when these products are considered for food and human contact-related applications. For 
example, there is a paradox associated with the cytotoxicity of glutaraldehyde-cross-linked 
materials in that the cytotoxicity depends on the concentration of the glutaraldehyde (Reddy et al. 
2015). Periodate oxidation of polysaccharides resulted in depolymerization, like in the case of 
alginate and chitosan reviewed by Cumpstey (Cumpstey 2013). Also, periodate is unstable and 
decomposes in the presence of light to form free radicals. Polysaccharides possess diverse 
functional groups, so the regioselectivity of the reaction is very important for polysaccharide 
modifications (Cumpstey 2013) to prevent the formation of side products, such as regioisomers, 
di-substituted, or tri-substituted products, etc. The product is also required to be purified from the 
mixture by crystallization or chromatographic techniques. The purification of the modified 
polysaccharide is always difficult and often impossible because the selectively- and non-
selectively-modified monosaccharide residues are covalently linked to each other. Therefore, 
regioselective modification reactions are preferred for polysaccharide modifications. To avoid the 
limitations caused by the chemical modification of polysaccharides, efforts were diverted towards 
more environmentally friendly modification techniques.  
Enzymatic modifications have been explored intensively in the last decade as alternatives to 
chemical reagents for the structural modification of polysaccharides, and hence, the properties of 
these materials (Cheng and Gu 2012; Karaki et al. 2016). Most enzymes are chemo-specific, regio-
specific, and/or enantio-specific in their reaction, which allows the formation of a distinct product 
with desired properties and a fixed structure (Cheng and Gu 2002; Gu and Cheng 2005; Cheng and 
Gu 2012; Karaki et al. 2016). Furthermore, the enzymatic reaction requires mild reaction conditions 
as compared to a chemical reaction (Cheng and Gu 2012; Karaki et al. 2016). Enzymatic 
modification has been successfully applied to the modification of polysaccharides such as chitosan, 
cellulose, pectin, and starch (Karaki et al. 2016). Enzymatic cross-linking has also been extended 
to other polysaccharides, such as galactose-containing polysaccharides (Parikka et al. 2010), and 
has even been used in combination with chemical modification to introduce additional functionality 
(Parikka et al. 2012b; Parikka et al. 2015). 
2.2.1 Galactose oxidase 
Galactose oxidase (GaO, EC 1.1.3.9) is a single copper-containing enzyme that has a molecular 
weight of 65–68 kDa (Whittaker 2003). GaO catalyzes the stereospecific oxidation of the hydroxyl 
group present on the C-6 galactosyl unit and the formation of the corresponding aldehyde (Figure 
4). During the GaO-catalyzing oxidation, there is a formation of different side products (Figure 5), 
which were reviewed by Parikka et al. (2015). The C-6 oxidized galactose derivatives are important 
starting materials for further chemical conversions. GaO-catalyzed product has been utilized for 
further applications such as oxidation to carboxylic acid (Frollini et al., 1995) or reductive 
amination (Yalpani and Hall 1982). For example, uronic acid, deoxy sugars, allylated galactose, 
and N-acetyl lactosamines can be derived from mono- and oligosaccharides (Schoevaart and 
Kieboom 2004; Parikka et la., 2015). GaO has also been studied as a cross-linker for proteins with 
D-galactose dialdehyde (Schoevaart and Kieboom 2002). GaO has been widely studied for the 
catalyzed oxidation of mono- and oligosaccharides, and these studies have resulted in several 
patents and patent applications, as reviewed by Parikka et al. ( 2015). During the catalytic reaction, 
GaO uses molecular oxygen from the environment as an oxidant. The catalytic reaction includes 
oxidative and reductive half reactions. In the oxidative reaction, primary alcohols are oxidized, and 
in the reductive reaction, dioxygen is reduced to hydrogen peroxide (Whittaker 2003). The 
substrates for GaO are e.g. mono- and oligosaccharides containing primary hydroxyl group, such 
as D-galactose, and polysaccharides containing D-galactosyl units with free C-6 hydroxyl groups 
at their branches.  
 
GaO has been studied on several substrates, like D-galactose, methyl α- and β-D-
galactopyranoside, lactose, lacitol, lactulose, lactobionic acid, melibiose, and raffinose (Siebum et 
al. 2006). Studies were carried out using two enzymes, GaO and catalase, under oxygen 
atmospheres, and the conversion rate was 100% for galactose monosaccharides and galactose-
containing oligosaccharides with the exception of lactose and lactobionic acid, where the 
conversion rates were 10% and 20%, respectively. Many polysaccharides contain oxidizable 
galactosyl units, such as GM (40% oxidizable galactosyl units), locust bean gum (20% oxidizable 
galactosyl units), and XG (16% oxidizable galactosyl units), etc., that have been oxidized using 
GaO (Frollini et al. 1995). The optimized reaction conditions for GaO were first reported by 
Parikka et al. using methyl α-D-galactopyranoside as the monosaccharide model system in water 
instead of using buffer solution (Parikka and Tenkanen 2009). This study also showed that 
formation of side product is minimized with the optimized reaction conditions and higher yield of 
aldehyde is obtained. The optimized reaction conditions using GaO were studied on the oxidation 
of galactose-containing polysaccharides, such as GM, spruce galactoglucomannan, XG, 
arabinoxylan from corn, and arabinogalactan from larch, in detail (Parikka et al. 2010). In this 
study, GC-MS analysis showed that there was no side product formation such as galacturonic acid, 
which was the major side product in earlier study (Parikka and Tenkanen 2009). 
Figure 4: A) GaO-catalyzed oxidation of the galactose units of polysaccharides. B) An example 
of the proposed mechanism for the cross-linking of the products, hemiacetal bond formation. R
= H or galactosyl unit. Adopted from Parikka et al. 2012. 
GaO 
GaO catalyzes the oxidation of primary hydroxyl groups at C-6 of terminal galactosyl units in 
higher molar mass polysaccharides (GM, locust bean gum, and XG) into aldehyde groups. The 
aldehyde groups enable cross-linking through hemiacetal bonds (Figure 4), and thus, the formation 
of hydrogels (Parikka et al. 2012a). As the enzymatic oxidation proceeds, the aldehyde group 
produced is simultaneously cross-linked via hemiacetal bonds to the neighboring suitable hydroxyl 
group of the polysaccharide chain (Parikka et al., 2010) and the viscosity of the polysaccharide 
solution increases. The enzymatic oxidation reactions started soon after the addition of GaO to the 
polysaccharide solution. Therefore, hydrogels with varying consistency (weak to strong gel) can 
be obtained by controlling the oxidation time and inactivation of enzyme by heating the hydrogel. 
Thee catalytic activity of GaO for galactose-containing polysaccharides in the presence of 
reinforcement agents has not been exploited to form a composite hydrogel.  
 
2.3 Aerogels 
Aerogel is an advanced, highly porous, and lightweight solid material. The history of the aerogel 
started in 1931 when Kistler prepared a solid foam from silica using a supercritical CO2 drying 
technique, which allowed the retention of the gel network in a dry state (Kistler 1931). The inventor 
named it “aerogel” (air + gel).  
Although this material exhibited some excellent properties, nevertheless, it did not get broad 
attention from researchers until 1970. After that, research on aerogels become a subject of debate 
that resulted in several polymers being studied as aerogel-forming materials, which lead to the 
Figure 5: Formation of side products in the GaO-catalyzed oxidation. A) hydrate; B) 
intramolecular hemiacetal; C) intermolecular hemiacetal; D) dimer; E) α,β- unsaturated 
aldehyde; F) galacturonic acid. R = H/Me/oligo- or polysaccharide backbone. Adopted 
from Parikka et al., 2015.  
development of new formation methods and drying techniques (Du et al. 2013). However, aerogel 
formation involves three common steps, as shown in Figure 6 (Zha and Roggendorf 1991). All of 
the steps in the aerogel formation are very important, as each will affect the properties and 
applications of the aerogels. In the literature, there are many drying methods reported for aerogel 
formation, such as ambient drying, surface-modified ambient drying, solvent-replaced ambient 
drying, lyophilization, high-temperature supercritical drying, and low-temperature supercritical 
drying. (Du et al. 2013).  
 
Figure 6: The three basic steps in aerogel formation. 
 
The unique porous structure of aerogels depends on the type of aerogel-forming material, the 
preparation method, and the drying technique. The use of term “aerogel” for porous materials is 
still in debate. After its original development, Quignard et al. described the aerogel as “a gel that 
has been dried and retains the dispersion of the wet state” (Quignard et al. 2008). However, the 
highly porous and low-density solid materials are called either aerogels from supercritically dried 
gels (Kistler 1931), cryogels from freeze-dried/lyophilized gels (Lozinsky et al. 2003), or foams 
(Han et al. 2013). Regardless, the term “aerogel” is becoming accepted for low-density and highly 
porous solid structures, no matter if they are lyophilized or supercritically dried (Figure 7) (Du et 
al. 2013; Borisova et al. 2015). Therefore, in this thesis, the term “aerogel” is used for both 
lyophilized and supercritically dried material. Lyophilization and supercritical CO2 drying are 
widely used drying techniques for aerogel formation.   
2.3.1 Lyophilization 
Lyophilization (freeze-drying) is a straightforward and versatile method to produce aerogels. In 
lyophilization, the liquid phase (water) of the hydrogel/gel is pre-frozen, and ice crystals of varying 
sizes and shapes are formed. The lyophilization process involves the removal of the ice crystals 
from the materials through sublimation at a low atmospheric pressure. Sublimation involves the 
• Dispersion of the polymer/particles in the
precursor solution to form a collodial solution
(sol).
(i) Solution-sol transition
• Cross-linking of sol particles and formation of
a hierarchical assembly into a wet gel with a
coherent network.
(ii) Sol-gel transition
• Replacement of the solvent inside the wet gel
with air without collapsing the microstructure.(iii) Gel-aerogel transition
conversion of solids (ice crystals) directly into a vapor/gaseous state without first going through 
the liquid (water) phase. The resulting morphologies of the obtained aerogels are the direct replica 
of the size and shape of the ice crystals formed during the freezing process, which mostly depend 
on the freezing temperature (Barros et al. 2016). 
The simplicity of the lyophilization process permits more control for tailoring and designing the 
porosity of the aerogels for specific applications (Borisova et al. 2015). For example, controlling 
the freezing temperature and freezing direction (unidirectional freezing) can produce either small 
pore sizes, honeycombs, or lamellar morphologies (Mukai et al. 2004; Nishihara et al. 2005; 
Deville et al. 2006; Deville et al. 2007; Gutiérrez et al. 2008). In unidirectional freezing, the gel or 
suspension is in contact with the freezing medium from one side, and the growth of ice crystals is 
allowed perpendicular to the freezing medium, which results in the alignment of the gel or 
suspension structure in the freezing direction. Supercritical CO2 drying does not provide such 
control over the porous structure modification. Lyophilization is extended to various types of 
polymers (Deville et al. 2007; Gutiérrez et al. 2008; Pawelec et al. 2014; Deville et al. 2015) for 
the development of aerogels. The unidirectional ice-templating process can be used to align the 
structure to optimize the mechanical properties (Lee and Deng 2011; Pourhaghgouy and Zamanian 
2015; Martoïa et al. 2016). Lyophilization is simple and allows for the tailoring of the porous 
structure, but due to large pore sizes, lyophilized aerogels are limited in their use for applications 
that require small porous structures and high surface areas.   
2.3.2 Supercritical CO2 drying 
The supercritical CO2 (sc-CO2) technique is well known for preserving the micro- and mesoporous 
structure of the gel. The characteristic morphology of the sc-CO2-dried aerogels consists of small 
pores in the range of tens of microns to a nanometer (García-González et al. 2012; Błaszczyński et 
al. 2013). In sc-CO2 drying, the liquid phase (water) of the hydrogels is first replaced with a solvent 
that is compatible with the hydrogel’s structure as well as with the supercritical CO2. The solvent 
is extracted at the supercritical conditions of the CO2, which leaves behind a dried gel with a high 
porosity. The compatibility of the solvent with the hydrogel structure and the miscibility of that 
solvent with the sc-CO2 are considered very critical in sc-CO2 drying to avoid collapsing the 3D 
structure of the dried gel (Raman et al. 2015b).  
sc-CO2 drying is mostly used for the preparation of inorganic and organic aerogels in the laboratory 
(Kistler 1931, Tewari, Hunt et al. 1985, Tsioptsias, Stefopoulos et al. 2008, García-González, 
Camino-Rey et al. 2012b, Błaszczyński, Ślosarczyk et al. 2013), and it is also used for the large-
scale production of silica aerogels (Perrut 2000). Industrial sc-CO2 drying can be optimized 
economically so that the CO2 is recycled and reused. sc-CO2 drying has also been applied to the 
preparation of aerogels from polysaccharides, such as agar (Brown, Fryer et al. 2010), alginate 
(Mallepally, Bernard et al. 2013, Gurikov, Raman et al. 2015), starch (García-González, Camino-
Rey et al. 2012b), and cellulose (Fischer, Rigacci et al. 2006, Liebner, Potthast et al. 2008, 
Buchtová, Budtova 2016). 
The sc-CO2 drying of polysaccharide gels, such as those from calcium-alginate, chitosan, and 
potato starch, caused considerable volumetric shrinkage ranging from 60 to 85% (Quignard et al. 
2008; Mehling et al. 2009; Raman et al. 2015b). The volumetric shrinkage depended on the pre-
history of the gels, such as the concentration of the polymers, cross-linking technique, and solvent-
exchange procedure. Using sc-CO2 drying technology widens the potential applications of 
polysaccharide-based aerogels. However, the selection of a solvent with a good compatibility with 
the hydrogel’s structure is very important to keep the high volume to mass ratio for low-density 
aerogels. Some solvents exhibit a good compatibility with the hydrogel’s structure, but these 
solvents can be difficult to extract with sc-CO2 due to their low miscibility with supercritical fluid 
(Raman et al. 2015b). Polysaccharide-based hydrogels cross-linked via enzymatic oxidation have 
not been reported for sc-CO2 drying to prepare aerogels.  
2.3.3 Polysaccharides as an aerogel-forming matrix 
Polysaccharides are abundant in nature, though the physicochemical properties of native 
polysaccharides are not always optimal for different applications. By applying various 
modification techniques, such as enzymatic oxidation and chemical modifications, their properties 
can be enhanced or altered to suit the application purposes (Cumpstey 2013; Parikka et al. 2015). 
For example, the gel-forming ability of modified polysaccharides can be utilized for the 
development of aerogels (Soderqvist Lindblad et al. 2005; Liebner et al. 2008; Quignard et al. 
2008; Mikkonen et al. 2013; Buchtová and Budtova 2016). The sustainability, biodegradability, 
and biocompatibility of the polysaccharides in combination with the required technical properties 
of aerogels make them advantageous materials over inorganic polymers (Mehling et al. 2009; 
Mikkonen et al. 2013; Stergar and Maver 2016). Many polysaccharides have been studied for 
aerogel formation, particularly marine-based ones, such as alginate and chitosan (Quignard et al. 
2008). From plant polysaccharides, cellulose and its derivatives are widely studied as aerogel-
forming materials (Fischer et al. 2006; Liebner et al. 2008; Buchtová and Budtova 2016). Examples 
of other plant polysaccharides that are used include starch (Lotfinia et al. 2013; Ago et al. 2016), 
GM, and XG (Mikkonen et al. 2014).  
The performance of aerogels is enhanced/altered with the addition of a reinforcing agent. For 
example, their performance can be enhanced by producing composite aerogels with biopolymer 
reinforcement, such as through the use of NFC (Cai et al. 2012; Sedighi Gilani et al. 2016) and 
chitosan (Wang et al. 2015). Sehaqui et al. reported that composite aerogels made from NFC as the 
main matrix material with xyloglucan resulted in improved mechanical properties (Sehaqui et al. 
2009).  
2.3.4 Properties of polysaccharide-based aerogels 
Morphology, including porosity, pore size, pore size distribution, and surface area, as well as 
mechanical properties are the key characteristics of the aerogels that determine their applications 
in different fields. These characteristic properties depend on the types of starting materials, cross-
linking methods, reinforcement, and drying methods. 
Aerogels prepared by lyophilization mostly do not show volumetric shrinkage and preserve the 
intact volume that leads to low-density aerogels. Calcium-alginate aerogels produced by the 
internal gelation method and barley β-glucan prepared by lyophilization showed densities of 0.023 
g/cm3 and 0.17 g/cm3, respectively (Cheng et al. 2012; Comin et al. 2012). GM and XG aerogels 
prepared via enzymatic oxidation followed by lyophilization showed densities in the range of 0.012 
to 0.016 g/cm3 (Mikkonen et al. 2014). The sc-CO2 drying of polysaccharide aerogels involves 
volumetric shrinkage during both the solvent exchange step and the drying process. Raman et al. 
reported the volumetric shrinkage values for calcium-alginate (1 wt.%) hydrogels were 71% and 
53% after solvent exchange in ethanol and DMSO, respectively (Raman et al. 2015b). The gels 
from calcium-alginate (2 wt.%) and potato starch (12.5 wt.%) showed volumetric shrinkages of 
64% and 77%, respectively, after solvent exchange in ethanol (Mehling et al. 2009). Literature has 
shown that sc-CO2 drying can cause considerable volumetric shrinkage for polysaccharide 
aerogels, such as those from calcium-alginate, chitosan, and potato starch, which were in the range 
of 60 to 85% (Quignard et al. 2008; Mehling et al. 2009; Raman et al. 2015b). However, the 
volumetric shrinkage is based on the type of gel, such as the polymer type, the concentration, cross-
linking technique, and the solvent-exchange procedure. Due to the volumetric shrinkage of sc-CO2-
dried aerogels, their density values are slightly higher compared to lyophilized aerogels. sc-CO2-
dried aerogels from cellulose in ionic liquid, cellulose and lignin in ionic liquid, barley β-glucan, 
starch from potato starch, and starch from corn starch, etc., showed density values in the range of 
0.048 to 0.46 g/cm3 (García-González et al. 2011; Mikkonen et al. 2013). 
In lyophilization, the pore size is dependent on the size of the ice crystals formed during the 
freezing process, so the pores of lyophilized aerogels were in the range of a few hundred to several 
hundred micrometers. For example, starch-based composite aerogels with lignin-containing NFC 
(3 wt.% amylopectin and 3 wt.% NFC) had pore sizes in the range of 100 to 250 μm (Ago et al. 
2016). Chemically cross-linked spruce galactoglucomannan-composite aerogels reinforced with 
NFC showed pore sizes between 50 and 100 μm in size, prepared by unidirectional ice-templating 
followed by lyophilization (Alakalhunmaa et al. 2016). However, sc-CO2-dried aerogels exhibited 
much smaller pore sizes, in the range of a few micrometers to a few hundred nanometers, as 
compared to lyophilized aerogels (Figure 7). Lyophilized aerogels, due to the larger pore size, had 
low specific surface areas as compared to sc-CO2-dried aerogels. Because of this, the specific 
surface area of polysaccharide aerogels can have a very wide range, starting from 10 m2/g for 
lyophilized aerogels and increasing to 845 m2/g for sc-CO2-dried aerogels (García-González et al. 
2011; Mikkonen et al. 2013; Sehaqui et al. 2010). 
Polysaccharide-based aerogels are mostly ductile and flexible (Pääkkö et al. 2008; Mikkonen et al. 
2014) and exhibit high adsorption capacity. Starch-based aerogels prepared with lignin-containing 
NFC showed a water absorption capacity of 12 g/g (Ago et al. 2016). Spruce galactoglucomannan 
aerogels reinforced with NFC can absorb water up to 34 g/g while the GM and XG aerogels showed 
water absorption capacities up to 40 g/g (Mikkonen et al. 2014; Alakalhunmaa et al. 2016). 
Polysaccharide-based aerogels displayed repeatable shape recovery after squeezing out the water 
and re-immersing them again in water (Li et al. 2016; Alakalhunmaa et al. 2016). Polysaccharide-
based aerogels also showed shape repeatability in dry state. Composite aerogel (2 wt.% dry content) 
prepared from NFC and modified carbon nanotubes showed the reversible recyclability properties 
up to 100 cycles when it was compressed to the strain of 8 %. Only small change was reported 
between first compression cycle hysteresis and last compression cycle hysteresis (Wang et al., 
2016).  
Although polysaccharide-based aerogels are not very strong materials compared inorganic 
aerogels, they still possess very good mechanical properties that can be tailored by adjusting the 
processing conditions (Mikkonen et al. 2014) and through the addition of reinforcing agents to 
make composite aerogels (Köhnke et al. 2012). Spruce galactoglucomannan (GGM) and NFC (2 
wt.%; GGM:NFC=70:30 ratio) composite aerogels prepared by lyophilization exhibited 
compressive modulus of 177 kPa (Alakalhunmaa et al., 2016). Lyophilized Xylan (5 wt. %) –
cellulose (1.25 wt.%) composite aerogels showed the compressive modulus of 285 kPa. Thermal 
conductivity of the solid material is largely based on solid fraction of the material because large 
amount of heat transported via solid conduction. Therefore, the materials for insulation is preferred 
to have small amount of solid fraction. This can only be achieved by creating porous structure in 
the solid material. Polysaccharide-based aerogels exhibit low thermal conductivity due to their high 
porosity (> 90 %). For example, the thermal conductivity of high-methoxyl pectin (porosity 96.6 
%), low-methoxyl pectin (porosity 97 %), xanthan (porosity 94.9 %) , alginate (porosity 95 %), 
and guar gum (porosity 86.9 %) aerogels were in the range of 18 to 89 mW m-1K-1 (Rudaz et al. 
2014; Horvat et al. 2017). The properties of different plant polysaccharide-based aerogels are 
presented in Table 2.  
The morphology of aerogels is characterized using microscopic techniques and N2-physisorption 
methods (Robitzer et al. 2011a; Robitzer et al. 2011b). Both techniques are widely used for the 
characterization of morphology, though both techniques have limitations. The macroporous 
structure of the lyophilized aerogels limits the determination of the porosity (pores ca. > 50 nm in 
diameter) of the aerogels using N2-physisorption due to the large pore size of several hundred 
micrometers (Sing et al. 2008; Robitzer et al. 2011a). Most of the aerogels prepared by 
lyophilization have a macroporous structure (Podlipec et al. 2014; Borisova et al. 2015). According 
to the IUPAC system, porous material is categorized into microporous material, which has a pore 
diameter < 2 nm, and macroporous material with a pore diameter > 50 nm, while mesoporous 
material has a pore diameter > 2 nm but < 50 nm (Rouquerol et al. 1994). In addition, the N2-
physisorption method does not provide information about the shape of the pores. However, 
coupling physisorption data with scanning electron microscopy provides a better understanding 
about the shape of the surface and pores (Robitzer et al. 2011a).  
Currently deployed probing techniques for the structural characterization of aerogels, such as 
scanning electron microscopy (SEM) and focused ion beam SEM (FIB-SEM), are limited to 
surface-level characterizations. It is still difficult to characterize the actual representation of the 3D 
structure of the aerogels, the connectivity of the pores, the pore-size distribution, and the interface 
of the polymer reinforcement within the aerogel matrix. Recent advancements in experimental 
techniques, such as synchrotron X-ray microtomography (XMT) enable the visualization and 
quantification of the 3D morphology of the materials at the micron and sub-micron levels. The 
XMT technique has been used across several disciplines, including physics, materials science, 
medicine, and powder technology, to illustrate the detailed internal structure of a material (Moreno-
Atanasio et al. 2010). The XMT technique is also extended to aerogels (Köhnke et al. 2012; 
Mikkonen et al. 2014; Sedighi Gilani et al. 2016) but has not yet been used to its full potential for 
the quantitative measurement of morphological parameters, such as pore size and pore wall 
thickness distributions. A detailed study of the qualitative and quantitative morphology of aerogels 
is desirable, as the pore size and its distribution in the aerogel’s structure are critical parameters in 
biomedical applications as a scaffold for soft-tissue regeneration (Ikada 2006) because the 
minimum pore size of the scaffold must exceed the cell size; otherwise, the penetration of the cells 
into the scaffold is compromised. The interconnectivity of the pores is an asset of the aerogel that 
facilitates the movement of nutrients and oxygen to the growing cells, as well as the transportation 
of metabolic products from the cells. 
Figure 7: Images and cross-sections of polysaccharide aerogels produced using various 
methods. (A) Lyophilized aerogel from regenerated cellulose (D) and the cross-sectional view 
of its porous structure. (B) Lyophilized aerogel from oxidized guar galactomannan (GM)
prepared by unidirectional ice-templating (E) and the cross-sectional view of its porous
structure. (C) Supercritical CO2-dried aerogel from regenerated cellulose (F) and the cross-
sectional view of its porous structure. The figures are adopted from: Buchtová and Budtova, 
2016 (A & D); Mikkonen et al. 2014 (B & E); and Liebner et al. 2008 (C & F).  
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2.3.5 Applications of polysaccharide-based aerogels in life sciences 
The unique properties of aerogels make them fascinating materials for modern industrial 
applications. Polysaccharides are abundant in nature, and their sustainability and biodegradability 
in combination with aerogel’s technical properties make them advantageous materials over other 
polymers (Mehling et al. 2009). Thus, polysaccharides as aerogel-forming materials show great 
potential, with very vast usability and applicability in life sciences. García-González et al. reviewed 
the potential of polysaccharide-based aerogels in the pharmaceutical industry and discussed their 
production technologies and the processing conditions that govern the material’s end properties 
(García-González et al. 2011). Stergar and Maver (Stergar and Maver 2016) discussed the 
perspective of aerogels in biomedical applications in relation to their properties. The potential of 
polysaccharide-based aerogels in the food industry and food-related applications with respect to 
their properties and preparation were reviewed by Mikkonen et al. (Mikkonen et al. 2013). 
The utilization of polysaccharide-based aerogels as food materials requires the safety assessment 
of aerogels. Although polysaccharides themselves are safe for human consumption as food, one 
needs to make sure there is no side-product formation during the cross-linking step (enzymatic or 
chemical). Initially, polysaccharide-based aerogels can be used as food-packaging materials 
(secondary packaging) due to their ductile and elastic structure with good mechanical stiffness. 
Polysaccharide-based aerogels can absorb large amount of water while maintaining their structural 
integrity and can be used in fresh meat packaging applications, to absorb the water (drip loss) which 
came out from meat. Starch foams prepared from high-amylose starch with encapsulated plant 
essential oils used as active packaging to extend the shelf life of packed bread presented a practical 
application of polysaccharide-based aerogels (Lotfinia et al. 2013). More recently, a patent 
application on the loading of flavor into aerogels and flavor-impregnated, food-grade aerogels was 
reported by Yan et al. (Yan et al. 2016). Véronique Coma reviewed polysaccharide-based 
biomaterials in the context of antimicrobials and their antioxidant properties for food-packaging 
applications (Coma 2013). Other possible applications include serving as a carrier for active 
ingredients and a supporting material for catalysts. Aerogels from barley β-glucan were suggested 
as carriers for nutraceuticals, and these aerogels were studied as carriers of flax oil (Comin et al. 
2012). Silica aerogels were studied for the encapsulation of microbes, such as Saccharomyces 
cerevisiae (Pope 1995), or for the immobilization of enzymes, such as lactate dehydrogenase, in 
the silica porous structure (Ramanathan et al. 1997). Polysaccharide-based aerogels have the 
potential to replace silica-based aerogels for such applications.  
Due to the highly porous structure and low thermal conductivity of polysaccharide-based aerogels 
(Rudaz et al. 2014; Horvat et al. 2017), some studies have pointed out their application as thermal 
insulators (Duong and Nguyen 2016; Horvat et al. 2017), and flame retardants can be incorporated 
into the aerogel matrix (Fan et al. 2017). In the food industry, the thermal-insulating properties of 
polysaccharide-based aerogels can be utilized to replace polystyrene-based materials for 
controlling the temperature of hot or chilled food. Other advantages of polysaccharide-based 
aerogels over polystyrene is the biodegradability. In addition, polysaccharide-based aerogels are 
elastic in nature, and their shape-recovery properties can be utilized for environmental applications, 
for example, sodium alginate-NFC composite aerogels with hydrophobic surfaces were obtained 
by manipulating processing techniques that can efficiently absorb the oil from water surface (Li et 
al. 2016). Surface modification is another way to introduce hydrophobic surface, like hydrophobic 
NFC aerogels obtained by oleophilic coating with titanium dioxide for recyclable oil absorbents 
(Korhonen et al., 2011).  Shape recovery and elastic properties can also be used to make the aerogel 
mechanoreponsive conducting and pressure sensing applications (Wang et al, 2013). 
Poysaccharide-based aerogels possess various physical properties, like a high porosity, a good 
mechanical stiffness, a highly-interconnected structure, and an ease of tailoring the porous 
structure, that make them perfect candidates for tissue engineering as scaffolds (Martins et al. 2015; 
Stergar and Maver 2016). Quraishi et al. reported the hybrid aerogels prepared from alginate-lignin 
as promising materials for tissue engineering applications (Quraishi et al. 2015). Composite 
aerogels from cross-linked dialdehyde derivatives of nanocellulose and collagen exhibited good 
compatibility and no cytotoxicity, which makes them ideal candidates for tissue engineering as 
scaffolds (Lu et al. 2014). Polysaccharide-based aerogels feature high water uptake in addition to 
other properties that can be utilized in wound care. Chitin and chitosan possess antifungal and 
bactericidal effects, which make them new biomaterials for wounds and burn treatments 
(Jayakumar et al. 2011). Other example of polysaccharide-based aerogels for wound dressing for 
burn and wounds repair are aerogels from gum acacia (Singh et al. 2013), bacterial cellulose (Lin 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3  AIMS OF THE STUDY 
This thesis aimed to study the polysaccharides guar galactomannan (GM) and tamarind seed 
xyloglucan (XG) as aerogel-forming matrices using the environmentally friendly enzymatic-
oxidation cross-linking technique and to investigate the effect of nanofibrillated cellulose (NFC) 
as a reinforcement material on the catalytic activity of the enzyme and on the properties of aerogels. 
The specific objectives were to: 
• Develop biocomposite polysaccharide-based aerogels via the environmentally friendly 
enzymatic-modification pathway (Study I, II, and III). 
• Evaluate the effects of NFC as a reinforcing agent on the catalytic activity of the enzyme 
and the formation of composite hydrogels followed by lyophilization to aerogels, and to 
study the hydrogel’s properties in relation to the aerogel’s properties (Study I).  
• Exploit synchrotron X-ray microtomography (XMT) as an advanced characterization 
technique to study the role of NFC addition in combination with ice-templating methods 
(conventional and unidirectional ice templating) on the quantitative and qualitative 
morphological features of the lyophilized aerogels in relation to their mechanical and shape 
recovery behavior (Study II). 
• Study the supercritical CO2 drying technique as a way to preserve the fine morphology of 
the aerogels for a high surface area and to systematically study the compatibility of various 
solvents with the hydrogel’s structure in terms of volumetric shrinkage and its related 
properties using one-step and five-step solvent-exchange processes (Study III).  
• Understand the effect of supercritical CO2 drying on volumetric shrinkage and to 
characterize the aerogel’s properties (Study III). 
4 MATERIALS AND METHODS 
This section briefly summarizes the materials and methods used in the thesis. More detailed 
descriptions can be found in the original publications (I-III).  
4.1 Materials 
Two galactose-containing polysaccharides, guar gum galactomannan (GM) (Study I, II, and III) 
and tamarind seed xyloglucan (XG) (Study I and II) were used as aerogel-forming matrices.  
Galactose oxidase (GaO-I), donated by Dr. Sybe Hartmans (DSM Biotechnology Center, 
Netherlands), was used in Studies I and II. GaO-II, donated by Prof. Harry Brumer from the KTH 
Royal Institute of Technology and Wallenberg Wood Science Center (WWSC), as well as by Prof. 
Lisbeth Olson, from Chalmers and WWSC (Sweden), was used in Study III. Both GaO-I and GaO-
II were produced by Picihia pastoris. The nanofibrillated cellulose (NFC-I) used in Study I was 
prepared from never-dried birch kraft pulp by mechanical disintegration through a high-pressure 
fluidizer for six passes. Prior to disintegration, the sorbed metal ions were removed, and the 
carboxyl groups present in the pulp were converted to their sodium form following the procedure 
described by Swerin (Swerin 1998). Further treatments, such as enzymatic or chemical treatments, 
were not applied. Natural NFC (NFC-II) and anionic NFC (NFC-III) were used in Study II and III, 
respectively, and were purchased from UPM, Finland. NFC-II was refined from birch pulp without 
chemical derivatization. The fiber of NFC-II was 10 nm to 50 nm wide and several micrometers 
long. NFC-III was obtained from bleached birch kraft pulp and was chemically modified with 
anionic groups and refined. The fiber width of NFC-III was 4–10 nm with a length of several 
micrometers. Sample compositions, samples codes, and processing conditions are presented in 
Table 3.  
4.2 Enzymatic oxidation and hydrogel formation  
GM and XG were stirred in Milli-Q water (10 mg/ml) at room temperature (RT). The samples were 
kept overnight at 4°C for complete hydration. NFC (1% dry content) was added to GM and XG 
solutions at different ratios (5%, 15%, and 25% of the weight of the polysaccharides) and mixed 
with an Ultra Turrax for five minutes at 9,500 rpm. Control samples were also prepared without 
the addition of NFC. Enzymes (GaO, catalase, HRP) were added, and the mixture was continuously 
stirred at 4°C for two days (Studies I and II) and for four days (Study III), depending on the GaO-
I or GaO-II enzyme. The enzyme dosages (GaO: 1.8–4.5 U/mg [Studies I and II] and 0.165 U/mg 
[Study III] of galactosyl units, catalase: 115 U/mg, HRP: 1.5 U/mg) were used. After the enzymatic 
treatment, hydrogels were obtained, and the enzymes were inactivated by heating the samples in 
boiling water for five minutes. Air bubbles were removed by heating the hydrogels under vacuum 


































































































































































































































































































































































































































































































































































































































































































































































After the air was removed, the hydrogels were allowed to cool and then carefully molded into cubic 
petri dishes (Study I and II) and cylindrical petri dishes (48-well plate, Study III) for solvent 
exchange and supercritical CO2 drying, avoiding the formation of new air bubbles. For study II, 
the hydrogels were filled into polyether-ether-ketone (PEEK) capillaries (wall thickness = 
0.0175 mm and internal diameter = 0.8 mm) using a small syringe and were inserted into hydrogels 
molded in cubic petri dishes to keep them in a vertical position (Figure 8).  
4.3 Analysis of degree of oxidation 
The degree of oxidation of enzymatically treated GMox and XGox was determined using Parikka 
et al.’s method (Parikka et al. 2010) (Studies I, II, and III). Briefly, NaBD4 (3 molar equivalents 
related to the maximum molar amount of galactosyl units in the sample) was added into the 
hydrogel (approximately 0.5 ml, 5 mg of polysaccharide), and the solution was stirred overnight. 
Polysaccharides were precipitated by adding EtOH, transferred to a pear-shaped flask and vacuum 
dried for 80–90 min at 40°C. Acid methanolysis was performed using Sundberg, Lillandt, and 
Holmbom’s method (Sundberg et al. 1996). The samples were analyzed with GC-MS using a HP-
5 column in an HP5890 gas chromatograph connected to an HP5972 Mass Selective Detector mass 
spectrometer. The degree of oxidation was determined by comparison of the ratio of the 361 m/z 
and 362 m/z ions of the silylated galactosyls, with 361 corresponding to the unoxidized galactosyls 
and 362 to the oxidized galactosyls (Parikka et al. 2010).  
4.4 Characterization of hydrogels 
4.4.1 Viscoelastic characterization of hydrogels 
Rheological measurements of the hydrogels (Study I) were performed in analytical triplicate, using 
a controlled stress rheometer (Rheostress RS600, Thermo Haake, Germany) by following Sandolo, 
Matricardi, Alhaique, and Coviello’s method (Sandolo et al. 2007). Hydrogels were shaped using 
a die of 36 mm in diameter and kept at RT for 24 hours before the measurements. Viscoelastic 
moduli (elastic modulus, Gʹ, and the viscous modulus, Gʺ) were determined as a function of the 
frequency, and the mechanical spectra were recorded in the frequency range of 0.001 to 10 Hz. The 
parallel plate-plate was 35 mm in diameter, and the gap between the two plates ranged from 0.5 to 
3 mm, depending on the samples (native or oxidized). However, the stress and frequency sweep 
for a sample were conducted on the same gap between plates. All measurements were performed 
within the linear viscoelastic region, where the viscoelastic moduli were independent of the stress 
amplitude.  
4.4.2 Texture profile of hydrogels 
A Texture Analyser TA-XT2i (Stable Microsystems, Godalming, UK) was used to characterize the 
hydrogels using the Texture Profile Analysis compression test adopted from Deszczynski, Kasapis, 
and Mitchell (Deszczynski et al. 2003). The hydrogels were molded (diameter = 26 mm) and kept 
at RT for 24 hours before the analyses, and during the measurements, the room was conditioned 
with a controlled relative humidity of 40–45%. Two consecutive cycle compressions of a 
cylindrical gel (removed from the dice) were performed using a cylinder probe, diameter of 20 mm. 
Analytical triplicate hydrogel samples were compressed to a distance of 2 mm at a rate of 2 mm/s 
for the test speed, and 2 mm/s for the post-test speed. The compressive modulus was measured 
from the stress-strain curve of the hydrogels. Various other key parameters were derived from the 
force–time plot: maximum compressive force, i.e. hardness, adhesiveness, cohesiveness, 
springiness, and resilience. 
4.5 Aerogel formation 
Aerogels were prepared using two drying techniques, lyophilization and supercritical CO2.  
4.5.1 Lyophilization  
Hydrogels were frozen using conventional freezing at -70°C for 3–4 hours (Study I and II) and 
unidirectional freezing using liquid nitrogen for 15–20 min (Study II) to align the ice crystals along 
the freezing direction. Lyophilization of the pre-frozen hydrogels was performed at 1 mbar 
atmospheric pressure for about 48 hours. After drying, the aerogel specimens were stored in a dry 
desiccator before the analyses. 
4.5.2 Supercritical CO2 drying 
Supercritical CO2 (sc-CO2) drying was carried out with a research visit to the Institute for Thermal 
Separation Process, Hamburg University of Technology (TUHH), Germany. In this study (Study 
III), only GM was selected as the aerogel-forming matrix due to its formation of stiff hydrogels, 
with NFC-III at a concentration of 25%, only, as a reinforcing agent.  
The sc-CO2 drying consisted of two steps, the solvent exchange and drying. During solvent 
exchange, the water of the hydrogels was replaced with a solvent that was compatible with the 
hydrogel’s structure and that is miscible with sc-CO2. Thirteen different solvents, ethanol, isopropyl 
alcohol (IPA), propylene carbonate, glycerol, acetone, butanone (also known as methyl ethyl 
ketone [MEK]), 1-butanol, dimethyl sulfoxide (DMSO), ethylene glycol (1,2-ethanediol), 
propylene glycol (1,2-propanediol), methanol, and NʹN-Dimethyl formamide (DMF), were initially 
used to see the effect of the solvents on the shrinkage of hydrogels. One piece (approximately 1 g) 
of hydrogel was added into a 50 mL falcon tube with 30 g of a particular pure solvent (one step 
solvent exchange). The falcon tube was stirred at room temperature via shaking in an overhead 
shaker. The volume of the hydrogels was measured using a volumetric test tube before and after 
the solvent exchange (48 hours) to evaluate the volumetric shrinkage (Eqs. 1 and 2). The response 
of the hydrogels to the solvents could also be correlated through Hansen solubility parameters 
(Errede 1986). Hansen solubility parameters were developed as a way of predicting if one material 
will dissolve in another and form a solution (usually a solvent and a polymer) (Hansen 2007). 
Hansen solubility parameters account for three types of interactions between molecules: dispersion 
forces (d), dipole-dipole bonding (p), and hydrogen bonding (h). The d, p, and h parameters for 
each solvent were taken from the Hansen solubility parameter hand book (Hansen 2007). 
The stepwise solvent-exchange procedure consisted of the stepwise immersion of the initial 
hydrogels (taken out of the mold) in water/solvent solutions with increasing solvent concentrations 
(five steps: 20%, 40%, 60%, 80%, and 100%; six steps: 20%, 30%, 40%, 60%, 80%, and 100%). 
Water/solvent mixtures were used at a 30:1 ratio of solvent to hydrogel weight. The volume of the 
gels was measured before and after solvent exchange at each solvent-exchange step (24 hours per 
step). Volumetric shrinkage and volumetric yield were calculated with Eqs. 1 and 2. Three 
replicates were carried out for each solvent. The terms “alcogels” and “lyogels” are used for 
hydrogels after complete solvent exchange in ethanol and DMSO, respectively. 
      (1) 
      (2) 
VS = Volumetric shrinkage, VI = initial volume of the hydrogel, VSE = volume of the hydrogel 
after solvent exchange, and VY = volumetric yield. 
sc-CO2 drying was performed at 12 MPa and 40°C in a 250 mL autoclave using a continuous sc-
CO2 flow for four hours (ethanol) and seven hours (DMSO). The alcogels and lyogels were packed 
in filter paper, placed in the autoclave, and soaked in their respective solvents (ethanol/DMSO) to 
prevent shrinkage due to the evaporation of the solvent from the alcogel and lyogel networks before 
exposure to sc-CO2.  
4.6 Characterization of aerogels 
4.6.1 BET-specific surface area  
The Brunauer-Emmett-Teller (BET)-specific surface area was determined with N2-physisorption 
using a Micromeritics TriStar II 3020 (Norcross, GA, USA) (Study I) and a Nova 4200e Surface 
Area Analyzer (Quantachrome GmbH & Co. KG, Odelzhausen, Germany) (Selmer et al. 2015) 
(Study III). The pore volume and mean pore diameter were estimated by using the Barrett-Joyner-
Halendia (BJH) method (Selmer et al. 2015). Before the N2-physisorption analysis, all of the 
samples were degassed under a vacuum at 150°C for 80–100 minutes and 40°C for 20 hours 
(Studies I and III, respectively). 
4.6.2 Morphology of the aerogels  
Scanning Electron Microscopy 
Aerogel samples were coated with an Au/Pd thin film via the sputtering method. The surfaces of 
the specimens were viewed using focused ion beam scanning electron microscopy (FIB-SEM) in 
Study I, and the aerogels were milled open with 30 kV Ga+ ions using FIB-SEM (Quanta 3D 200i 
FIB-SEM). Marko Vehkamäki is acknowledged for the FIB-SEM analyses. SEMs of the sc-CO2-
dried aerogels were taken using a detector for secondary electrons with a Leo Gemini Zeiss 1530 
SEM (Oberkochen, Germany) at 5 kV (working distance approximately 8 mm; Study III). 
Synchrotron x-ray tomography (XMT) scanning 
Aerogel samples in PEEK were glued onto carbon fiber rods (Figure 8). All of the samples were 
scanned at a height of 6 mm from the bottom to avoid any artifacts from the glue. In addition, small 
samples (≈ 1 x 1 x 17 mm in length, width, and height) from mechanically compressed cubical 
samples were carved with a razor blade and glued on the carbon rods. XMT scans were conducted 
on the oxidized GM and oxidized XG aerogels with and without NFC reinforcement (25%) at the 
beamline for Tomographic Microscopy and Coherent rAdiology experimenTs (TOMCAT) at the 
Paul Scherrer Institut (PSI) in Villigen, Switzerland. Details of the TOMCAT reconstruction 
pipeline are described in Hintermüller et al. (2010) and Marone and Stampanoni (2012). The 
VGStudioMax 2.1 software (Volume Graphics GmbH, Heidelberg, Germany) was used for 3D 
visualizations of the aerogel structures.  
Quantitative data analyses, such as volume-weighted pore size distributions and volume-weighted 
wall-thickness distributions, were calculated using the local thickness plugin for the ImageJ 
software (Dougherty and Kunzelmann 2007). For quantitative analysis, first a bilateral filter was 
applied to reduce noise and smooth the images. The image was binarized (converted from grayscale 
to a black and white image) using a dual threshold (hysteresis) segmentation. After measuring the 
local thickness map of the pores and pore walls, the histograms of the two data sets were calculated 
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Figure 8: A) Formation of aerogels inside the polyether-ether-ketone (PEEK)
capillary, B) graphical representation for the selected region of interest (ROI) of the
aerogel structure to omit the PEEK capillary wall. 
and presented as the volume-weighted pore size and wall-thickness distributions, respectively. All 
of the quantitative data analyses have been performed using the facilities from the Centre for 
Scientific Computing (CSC - IT Center for Science Ltd., Espoo, Finland).  
4.6.3 Density and mechanical properties of aerogels 
The density of the aerogels was determined from six analytical replicates by the displacement 
method using glass beads (0.2 mm diameter, 1.619 g/cm3) as described by Mikkonen et al. 
(Mikkonen et al. 2014) (Studies I and III).  
Aerogel samples were conditioned for 48 hours in desiccators containing Mg(NO3)2 to set the 
relative humidity between 50% and 55% (Studies I, II, and III). Cubical aerogel samples were 
compressed vertically for 6 mm at a rate of 1.3 mm/min using an Instron 33R4465 universal testing 
machine with a load cell of 100 N (Studies I and II). Unidirectional frozen cubical aerogel samples 
were compressed in the freezing direction. Compressive modulus and height recovery were 
determined. The data were obtained from ten replicates of each aerogel sample. Compressive 
moduli (Study I and II) and shape recovery (Study II) were determined. For study III, the Texture 
Analyser TA- XT2i (Stable Microsystems, Godalming, UK) was used for the mechanical testing 
of aerogels. A compression test was applied horizontally on the cylindrical aerogel (height = 5–10 
mm and diameter = 4–6 mm), using a cylindrical probe with a diameter of 20 mm. Six samples 
were compressed to one-third of their original height at a rate of 2 mm/s test speed and 2 mm/s 
post-test speed. The maximum compressive force was measured from the resultant force-time plot. 
4.6.4 Solvent residues in aerogels 
The quantitative analyses of the ethanol residues in the sc-CO2-dried aerogel were performed 
using the total ion chromatogram (TIC) according to VDA 278 (GCMS-QP2010 SE, Shimadzu). 
The values indicated were calculated as the toluene equivalent [ppmTE]. The weight of each 
sample was approximately 5 mg.  
4.7 Principal components analysis  
The data for the hydrogels and aerogels were analyzed with a multivariate statistical method using 
principal components analysis (PCA) to identify patterns in the data set. IBM SPSS 21 software 
(International Business Machines Corp. New York, US) was used for this purpose. 
5 RESULTS 
5.1 Hydrogel formation 
Formation of the hydrogel is the first step towards obtaining aerogels. The hydrogels from GM and 
XG were obtained by enzymatic oxidation with GaO. GaO catalyzes the oxidation of the primary 
hydroxyl groups at C-6 of the terminal galactosyl units in GM and XG into aldehyde groups, which 
enables cross-linking to form hydrogels. NFC was added to GM and XG solutions prior to 
enzymatic oxidation and was entrapped into the matrix polysaccharide (GM and XG) hydrogels. 
The degree of oxidation (DO) was determined to see the enzymatic activity in the presence of the 
reinforcing agent and is presented in Table 4.  
The DO was measured as percentage of galactosyl units oxidized, and the DO of oxidized GM 
(GMox) and oxidized XG (XGox) were 16% and 42%, respectively. When calculated for samples 
containing 5–25 % NFC, the DOs ranged from 22–26% and 41–63% galactosyl units oxidized for 
the NFC reinforced GMox and XGox, respectively (Table 4). The DO of the total carbohydrates 
(% of total GM and XG carbohydrates) was 6% and 7% for GMox and XGox, respectively. When 
calculated for samples containing 5–25% NFC, the DOs were 6.75–9.5% of the total carbohydrates 
(Study I). DO for NFC containing samples were calculated with assumptions that NFC did not take 
part in the oxidation. 
According to the visual observations, the hydrogel formation of GMox seems to proceed faster 
than that of XGox. GM contains a higher amount of terminal galactosyl units (40%) that require 
less DO to form hydrogels as compared to XG, which contains only 16% terminal galactosyl units. 
Both GMox and XGox hydrogels exhibited an elastic gel structure, but the XGox hydrogels were 
more stretchy than the GMox hydrogels. Increment of the NFC additive from 5 to 25% resulted in 
an increase in the hydrogel’s firmness and stiffness.  
5.2 Hydrogel properties 
5.2.1 Rheological properties 
To study the effect of the addition of NFC on the properties of GMox and XGox hydrogels, 
rheological measurements were performed in order to determine the viscoelastic properties. A 
hydrogel is a gel in which the liquid component is water; it behaves like a solid-rubber material 
and has a characteristic rheological behavior in which the storage/elastic modulus value (G´) 
dominates over the loss/viscous modulus (G´´). The aqueous solution of native GM (1 wt.%) 
appeared to be a highly viscous solution when observed visually, and when analyzed for its 
rheological properties, the viscous modulus G´´ initially dominated the elastic modulus G´, and 
crossed over (the G´ outstripping the G´´) at a higher frequency. This indicated that the gel network 
was not formed (Figure 9A). Adding and physically mixing 25% NFC to the native GM (GM-
25NFC) did not show any change in the viscoelastic (viscous and elastic) properties of the 
suspension. The native XG solution (1 wt.%) did not exhibit elastic properties, evidenced by the 
fact that the rheometer did not detect the G´ (Figure 9B), which only appeared at a low frequency 
with an added 25% NFC. Enzymatically oxidized GMox and XGox clearly showed gel formation 
based on visual observations, and this was confirmed with the rheometer by the dominance of 
elastic modulus G´ (Figure 9C and D). The values of the elastic modulus G´ at 1 Hz frequency 
were 52 and 12 Pa for GMox and XGox, respectively. The addition of NFC at concentrations of 
5% and 15% progressively modified the viscoelastic properties of the GMox and XGox hydrogels 
Figure 9: Elastic (G′) and viscous (G″) modulus of aqueous, native (A) guar galactomannan 
(GM) and (B) tamarind seed xyloglucan (XG). Elastic (G′) and viscous (G″) modulus of 
(C) oxidized guar galactomannan (GMox), (E) GMox with 25% NFC (GMox-25NFC), (D) 
oxidized tamarind xyloglucan (XGox), and (F) XGox with 25% NFC (XGox-25NFC). The
results are averages from three replicates, and the error bars are omitted for clarity. 





(Table 4). The GMox-5NFC hydrogel exhibited a higher elastic modulus G´ (76 Pa at 1 Hz) than 
the plain GMox hydrogel (52 Pa at 1 Hz). A further increase in the elastic modulus G´ to 81 Pa at 
1 Hz was observed for the GMox-15NFC hydrogels (Study I). Interestingly, a large increase in the 
elastic modulus G´ (170 Pa at 1 Hz) was observed for GMox-25NFC (Figure 9E, Table 4). The 
viscoelastic properties of the XGox hydrogels responded in a similar fashion as the GMox ones 
upon the addition of 5–25% NFC, and the elastic modulus G´ increased from 36 Pa to 137 Pa at 1 
Hz (Figure 9F, Table 4).  
5.2.2 Textural properties 
Hydrogels were further characterized for large deformations using the texture analyzer to evaluate 
the hydrogel properties and the effect of NFC reinforcement on the texture of the matrix 
polysaccharide (GMox or XGox). By visual observation, the plain GMox hydrogels maintained 
their cylindrical shape when the hydrogels were taken out of the dice. However, the cylindrical 
shape of the plain XGox hydrogels were deformed to some extent when they were removed from 
the dice as the hydrogels from the plain XGox were easily stretched without structural breakdown. 
The addition of NFC enhanced the shape retention of XGox and the firmness of the hydrogel’s 
structure. All of the hydrogels showed an elastic nature, as none of them showed significant peak 
deviation from the main force-time plot, which means that the structure of the hydrogel did not 
break down during compression. 
A large deformation at an initially low compressive force was observed in plain GMox hydrogels, 
though the addition of NFC (5%, 15%, and 25%) strengthened their texture, resulting in straight 
stress-strain curves with higher slopes. The same trend was also observed for the XGox hydrogels 
with 15% and 25% NFC. The stress of XGox and XGox-5NFC strongly increased after 10% strain. 
The compressive moduli (Young’s moduli) of the hydrogels were calculated from the elastic region 
of the stress–strain curves at the initial slope of the curves and are presented in Figure 10. The 
compressive moduli of the GMox and GMox-5NFC hydrogels showed no significant difference 
(1.7 kPa and 1.8 kPa, respectively). However, a further increase in the NFC content to 15% and 
25% gradually increased the compressive moduli of the GMox hydrogels (2.3–2.9 kPa; Figure 10). 
The compressive modulus of the plain XGox hydrogel (2.6 kPa) was higher than that of the plain 
GMox hydrogel (1.7 kPa; Figure 10). Compressive moduli of 2.9 and 3.5 kPa were observed for 
the XGox-5NFC and XGox-15NFC hydrogels, respectively. Interestingly, the XGox-25NFC 
hydrogels showed a significant difference from and double the compressive modulus (5.5 kPa) of 
the plain XGox hydrogels (2.6 kPa; Figure 10). 
Various other key parameters were derived from the force–time plot: maximum compressive force, 
i.e. hardness (the peak force of the first compression cycle), adhesiveness, cohesiveness, 
springiness, and resilience (Table 4). Adhesiveness is the measure of the negative force between 
the two cycles. Cohesiveness indicates how the sample withstands a second deformation in relation 
to the sample’s behavior under the first deformation. Springiness illustrates how a sample 
physically springs back after it has been deformed during the first compression, while resilience 
shows how the sample regains its original shape. The GMox and XGox hydrogels showed a small 
decrease in hardness with increasing NFC content, and the plain XGox hydrogel showed an 
exceptionally high hardness of 9.98 N. The GMox hydrogels had less adhesiveness (0.01–0.02 N) 
than the XGox hydrogels (0.02–0.16 N), with and without the addition of 5–25% NFC. The GMox 
hydrogels with added NFC (5–25%) had a slightly higher cohesiveness, springiness, and resilience 
(0.44–0.59, 0.37–0.53, and, 0.28–0.45, respectively) than the corresponding XGox hydrogels 
(0.30–0.44, 0.23–0.36, and 0.16–0.30). 
Figure 10: Compressive modulus of GMox and XGox hydrogels, with and without the 
addition of NFC (5%, 15%, and 25%) measured from the stress–strain curve of texture











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.3 Hydrogel’s structural response to solvents 
5.3.1 Pure solvent – one-step solvent exchange 
In supercritical CO2 (sc-CO2) drying, the liquid phase (water) of the hydrogels is replaced with a 
suitable solvent that is compatible with the hydrogel structure and miscible with the sc-CO2. The 
compatibility of the solvent is considered very critical to avoid collapsing the 3D structure of the 
dried gel. In Study I, NFC was studied as a reinforcement at different concentrations (5%, 15%, 
and 25%). This study showed that the hydrogels and aerogels of both matrix polysaccharides 
(GMox and XGox) with added NFC at 25% exhibited significant differences in their properties 
compared to the other concentrations of NFC reinforcement (5% and 15%). So, in this study, the 
GM hydrogels (GMox) and NFC-reinforced (25 wt.%) GM hydrogels (GMox-25NFC) were 
considered for sc-CO2 drying and tested for solvent compatibility using solvents of varying 
polarities.  
One-step solvent exchange was performed with 13 different solvents: ethanol, isopropyl alcohol 
(IPA), propylene carbonate, glycerol, acetone, butanone (also known as methyl ethyl ketone 
[MEK]), 1-butanol, dimethyl sulfoxide (DMSO), ethylene glycol (1,2-ethanediol), propylene 
glycol (1,2-propanediol), methanol, and NʹN-Dimethyl formamide (DMF), to observe the 
shrinkage of the GMox and GMox-25NFC hydrogels. Immersing the gel in the pure solvent 
caused considerable shrinkage in the hydrogel’s structure. The volumetric shrinkage of the 
hydrogels is presented in Figure 11, arranged in increasing polarity for the solvent from 1-butanol 
to water. Less polar solvents, such as 1-butanol, IPA, and MEK, showed high volumetric 
shrinkage in both types of hydrogels, and there was less shrinkage with the increasing polarity of 
the solvents, except for propylene carbonate. The solvents 1-butanol, IPA, MEK, and propylene 
carbonate induced more than 80% volumetric shrinkage for both types of hydrogels (GMox and 
GMox-25NFC). GMox-25NFC hydrogels exhibited less shrinkage than did the plain GMox 
hydrogels, especially with acetone, methanol, ethanol, DMF, and DMSO. Interestingly, both 
GMox and GMox-25NFC hydrogels absorbed water and swelled when immersed in pure water, 
and the swelling volume of the GMox-25NFC hydrogels was higher than that of the GMox 
hydrogels. The swelling is shown as negative shrinkage in Figure 11. Solvents not only caused 
volumetric shrinkage, but also changed the other qualitative properties of hydrogels that could be 
observed visually, such as their shape, color, and transparency (Figure 12). All of the solvents 
affected these properties at different intensities, though the solvents 1-butanol, IPA, MEK, 
acetone, and propylene carbonate adversely affected the shape, color, and transparency of the 
hydrogels the most (Figure 12). The response of the hydrogels to the solvents could also be 
correlated through Hansen solubility parameters. Hansen solubility parameters account for three 
types of interactions between molecules: dispersion forces (d), dipole-dipole bonding (p) and 
hydrogen bonding (h). The volumetric yields of all of the hydrogels after one-step solvent 
exchange are presented as a function of the total solubility parameters, δt, for the respective 
solvents (Figure 13A). No clear trend was observed in the volumetric yields of the hydrogels with 
respect to the solvent’s total solubility parameters. However, the solvents with the total solubility 
parameters of 24.9, 26.7, and 29.6 (DMF, DMSO, and methanol, respectively) showed higher 
































































































Figure 11: Volumetric shrinkage of the hydrogels in different solvents after 
one-step solvent exchange. Error bars represent standard deviation from 
three replicate samples. 
Hydrogel MEK Acetone 1-butanol IPA DMF Ethanol 
DMSO Propylene carbonate Methanol 
Propylene 







Figure 12: Photographs of the GMox and GMox-25NFC hydrogels after one-step 
solvent exchange in different solvents. 
Figure 13: Relationship between the volumetric yields of the hydrogels and A) the 
Hansen total solubility parameters and the B) Hansen h component (hydrogen-bonding
solubility parameter) of the respective solvent after one-step solvent exchange. The









































































The volumetric yields of the hydrogels could also be influenced by a single dominant parameter 
rather than by the total solubility parameters, which comprise three individual components. When 
the volumetric yields of the hydrogels were presented as a function of the hydrogen-bonding 
Hansen solubility parameter (h), some trends could be observed in the data (Figure 13B). The 
volumetric yields followed a repeated increasing and decreasing pattern as a function of 
increasing h values. However, the other components of the total Hansen solubility parameter (d 
and p) did not follow these trends individually (data not shown).  
5.3.2 Stepwise solvent exchange 
The comparison of different solvents according to the Hansen solubility parameters provided 
direction for the choice of the solvents to be considered for further processing of the hydrogels to 
aerogels. The choice of solvent also depended on other factors, such as solvent compatibility with 
a supercritical fluid (CO2) and the safety of the solvent. Ethanol and DMSO were used for further 
solvent concentration gradient studies and for sc-CO2 drying due to their satisfactory 
performance. 
Stepwise solvent exchange (five steps and six steps) was performed using ethanol and DMSO, 
and volumetric shrinkage was monitored at each step (Figure 14). GMox hydrogels preserved 
80% of their volume after solvent exchange in a 20% ethanol solution (Figure 14A). Above a 
40% ethanol solution, the GMox hydrogels showed large volumetric shrinkage and preserved 
only 20% of their original volume. An intermediate concentration of 30% ethanol was also used 
(six steps), and the overall volumetric yield had no difference as compared to the five-step 
solvent-exchange samples. A further increase in ethanol concentration led to only minor further 
decreases in the gel volume at 60% ethanol. No further volumetric shrinkage was observed at 
80% and 100% ethanol. The GMox gels showed a different pattern of volumetric shrinkage with 
DMSO (Figure 14A). After solvent exchange in 20% DMSO, the GMox gels maintained 80% of 
their original volume. Interestingly, the GMox gels maintained more than 60% of their original 
volume after solvent exchange in 40% DMSO as compared to ethanol, where the largest 
volumetric shrinkage took place at this solvent concentration. However, after solvent exchange 
in 60% DMSO, the GMox gels showed a large volumetric shrinkage and preserved only 20% of 
their original volume. At 80% and 100% DMSO, no further volumetric shrinkage was observed 
for the GMox gels.  
The GMox-25NFC gels showed a different shrinkage pattern (Figure 14B). GMox-25NFC 
showed swelling behavior after solvent exchange in a 20% solution for both ethanol and DMSO 
(Figure 14B). Both GMox and GMox-25NFC hydrogels displayed the swelling behavior in pure 
water (Figure 11), but surprisingly, only the GMox-25NFC hydrogels showed swelling during 
the stepwise solvent exchange. After solvent exchange in 40% and 60% ethanol, the GMox-
25NFC hydrogels maintained 80% and 60% of their original volume, respectively, and did not 
show a further decrease in volume after solvent exchange in 80% and 100% ethanol. For DMSO, 
the GMox-25NFC hydrogels were able to preserve above 90%, 70%, and 60% of their original 
volume after solvent exchange in 40%, 60% and 80% DMSO, respectively. Overall, the GMox-
25NFC hydrogels maintained more than 50% of their original volume after the five-step solvent 
exchange with ethanol and DMSO. 
Images of the alcogels (gel after solvent exchange in ethanol) and lyogels (gel after solvent 
















































Figure 14: Volumetric yields of (A) GMox (B) and GMox-25NFC hydrogels at each 
step during the stepwise solvent exchange. Error bars represent standard deviations 
from three replicate specimens.  
Ethanol 
DMSO 







Figure 15: Visual observation of GMox and GMox-25NFC alcogels’ and lyogels’ 
shrinkage, shape, color, and transparency during the stepwise solvent exchange in 
ethanol and DMSO 
step of the solvent exchange for ethanol and DMSO. The alcogels and lyogels of GMox-25NFC 
maintained a good appearance in terms of retained shape and smooth surface.  
5.4 Aerogel formation 
Aerogels were prepared using two different drying methods: lyophilization and supercritical CO2.  
5.4.1 Lyophilization 
GMox and XGox aerogels with and without NFC were successfully prepared by lyophilization 
without structural collapse (Figure 16). Lyophilized aerogels did not show volumetric shrinkage 
in their outer dimensions, and the hydrogel’s volume was fully replicated in the dry state (Study 
I and II). After lyophilization, in which the ice sublimated through the top surface of the 
specimens, the aerogels had a hard-upper crust, which was visually more noticeable in the top 
surface of the GMox than in the XGox aerogels. 
5.4.2 Supercritical CO2 drying 
As a first step in supercritical CO2 drying, the liquid 
phase (water) of the hydrogels was replaced with
solvents, and their compatibility with the hydrogel’s
structure was tested with one-step solvent exchange. 
Based on this study, ethanol and DMSO were used 
to replace the liquid phase of the hydrogels in a 
stepwise solvent exchange. The alcogels and lyogels 
were dried using sc-CO2 to prepare aerogels (Figure 
16). During sc-CO2 drying, shrinkage was observed 
in all types of aerogels (Table 5). Although DMSO 
effectively preserved the structure of the hydrogels
during solvent exchange, large shrinkage occurred 
during the sc-CO2 drying stage. Little shrinkage was 
observed in alcogels at the drying stage, as ethanol 
had already caused a higher volume shrinkage during 
the solvent exchange. Based on visual observations, 
the GMox-25NFC aerogels displayed a smooth and 
fine external surface with both solvents while 
wrinkles were observed on the GMox aerogel’s
surface. In addition, sc-CO2 drying did not cause any cracks in the aerogel’s surface.  
Figure 16: (A) Lyophilized GMox
aerogel, (B) supercritical CO2-dried 
GMox-EtOH, (C) and GMox-NFC-




5.5 Aerogel properties 
Lyophilized and supercritical CO2-dried aerogels showed different properties, which varied 
further with added NFC as a reinforcement.  
5.5.1. Density of aerogels  
Aerogels prepared by lyophilization were lightweight, and their density values were 0.019 ± 
0.0009 and 0.012 ± 0.0009 g/cm3 for the GMox and XGox aerogels, respectively. The density 
values of the NFC-reinforced aerogels were similar to those of the plain GMox and XGox 
aerogels. The GMox aerogels prepared by sc-CO2 drying showed density values of 0.104 ± 0.03 
g/cm3 (GMox-EtOH) and 0.178 ± 0.02 g/cm3 (GMox-DMSO), while the corresponding GMox-
25NFC aerogels showed density values of 0.058 ± 0.01 g/cm3 and 0.069 ± 0.01 g/cm3, 
respectively (Table 5).  
5.5.2 Morphology of aerogels 
The morphology of the lyophilized aerogels, such as the shape and size of the pores, their 
distribution, the interconnection of pores, and the pore wall thickness, greatly depends on the 
growth of ice crystals during the freezing process. For sc-CO2 drying, compatibility of the solvent 
with the hydrogel’s structure and its miscibility with sc-CO2 are the key parameters that determine 
the morphology of the aerogels. The behavior of the aerogel under mechanical stress, the shape 
recovery, and the specific surface area of the aerogels is highly dependent on the aerogel’s 
morphology. The morphology of the aerogels was characterized using N2-physisorption, and 
diploid microscopy probing techniques, such as SEM and a more sophisticated and high-
resolution imaging technique like XMT, provided more insight into the inner structure of the 
aerogels.  
BET-surface area 
The surface area is an important characteristic of the aerogels from the perspective of possible 
applications, and this was measured with N2-physisorption (Study I and III). The nitrogen 
sorption isotherms of GMox- and XGox-lyophilized aerogels reinforced with NFC were 
characterized as type II and IV according to the IUPAC classification system, reflecting the meso- 
and macroporous structures of the aerogels (Study I). Tested aerogels showed BET-specific 
surface areas between 2.3 and 4.8 m2/g. The reinforcement by NFC at different levels did not 
affect the surface area (Table 5). 
The BET surface areas of sc-CO2-dried GMox aerogels were in the range of 182–219 m2/g, 
depending on the solvent used for solvent exchange (Table 5). Remarkably, the sc-CO2-dried 
GMox-25NFC aerogels showed an even higher BET surface area, up to 333 m2/g. The BET 
surface area and pore radius (6.7–8.4 nm) indicated the presence of mesoporosity in the sc-CO2-
dried aerogels.  
Scanning electron microscopy 
The porous structure of the aerogels prepared by lyophilization (Study I) was characterized using 
focused ion beam–scanning electron microscopy (FIB-SEM).  
The characteristic morphology and macrostructure differences among the GMox and XGox 
aerogels without NFC and with 25% NFC are presented in Figure 17. All lyophilized aerogels 
showed average macroporous structures, and pore sizes ranged from 125–250 μm, whether 
interconnected or individual. Figure 17A shows the FIB-milled surface of the GMox aerogel and 
the thin layer covering the top surface. Higher magnification of the FIB-milled area of the GMox-
25NFC aerogel exposed the porous structures underneath (Figure 17B). The pores were 
interconnected, and the pore walls consisted of smooth films a few micrometers thick. 
The porous structures of sc-CO2-dried aerogels (Study III) were viewed using scanning electron 
microscopy (SEM) (Figure 17). The GMox and GMox-25NFC aerogels showed a mesoporous 
structure. GMox-25NFC aerogels showed a similar morphology to that observed for GMox 
aerogels, and differences were not observed between the morphology of aerogels prepared with 
ethanol and those prepared with DMSO. However, sc-CO2 drying resulted in a completely 
different morphology of the obtained aerogels, with a high porosity and smaller pore-size 
distribution as compared to lyophilized aerogels (Figure 17). 
Synchrotron X-ray microtomography (XMT) 
SEM techniques are commonly used to visualize the porous structure of aerogels. However, these 
techniques are limited to surface characterization, and the internal structure was left to the 
imagination, providing an incomplete picture of the pore-size distribution within the aerogel 
matrix. In Study II, XMT was exploited to visualize the internal 3D structure of aerogels and to 
see the effects of ice templating and reinforcing by NFC on the pore size distribution of matrix 
polysaccharide (GMox and XGox) aerogels in relation to their mechanical behavior.  
The resolution of XMT images depends on the dimensions of the aerogel samples. Cutting the 
polysaccharide aerogel samples into small sizes (e.g., < 1 mm width x length) for an XMT scan 
is difficult due to the elastic interconnected structure of the studied polysaccharide aerogels, 
which was noted in our earlier study (Mikkonen et al. 2014). Therefore, to avoid any structural 
damage at the sample-preparation stage, the samples presented here were prepared and 
characterized inside the small PEEK capillaries, unless otherwise mentioned. The PEEK capillary 
did not hinder the XMT signals. The results from the XMT were used to visualize the internal 
porous structure of the aerogels in 3D space. Furthermore, the results obtained from the 
quantitative analyses provided essential information for characterizing and examining the 
correlation of the aerogel’s structure to the polysaccharide type, processing parameters, and 
mechanical performance. 
Three-dimensional structure of aerogels 
The XMT reconstruction can be viewed as a stack of two-dimensional grayscale images. These 
images clearly show bright areas corresponding to the solid polysaccharide structure and gray 
areas corresponding to the air voids. This contrast is produced due to the differences in the 
densities and the sample composition that directly reflect the change in the X-ray absorption in 
the sample. The shading (from white to gray) in the image corresponds to different X-ray 
absorptions due to the porosities of the aerogel. 3D renderings of the reconstructed volume are 
presented in Figures 18 to 22. The rendered volumes of all 3D images are 495.33 x 495.33 x 
660.33 μm3. 
In lyophilization, the porous structure of the aerogels is the direct replica of the shape and size of 
the ice crystals formed during the ice-templating process; a pre-step of lyophilization. Two 
different ice-templating (freezing) conditions, conventional freezing (CF) and unidirectional 
freezing (UF), were applied to see the effect of freezing conditions on the porous structure and 
the pore size distributions within the aerogel matrix. GMox-CF aerogels exhibited anisotropic 
pore structures that could easily be seen when the sample was viewed along different axes (xy-
axis, xz-axis, and yz-axis; Figure 18A). GMox-CF showed an intricate open cellular architecture 
of interconnected pores. The pore structure was irregularly arranged and showed porosities that 
reflected the random growth of ice crystals during conventional freezing. The pore wall, 
consisting of a thin film, was also observed around the pores. Reinforcing the GMox aerogel with 
25% NFC remarkably changed the GMox aerogel structure (Figure 18B). The pores were also 
anisotropic, but smaller in size, and the porous structure was a highly-interconnected network of 
matrix polysaccharides. 
When UF was used as an ice-templating method, the GMox-UF and GMox-25NFC-UF samples 
showed a structure that was oriented in the direction of freezing (Figures 19A and B). The oriented 
structure as a function of the direction of freezing was more prominent in the GMox-25NFC-UF 
sample (Figure 19B) compared to GMox-UF. Irrespective of the pore size, the pores were mostly 
connected to form nodular channels parallel to one another in the direction of freezing. The porous 
structures were anisotropic in the form of buttresses and exhibited smaller pore sizes as compared 
to those of GMox-UF (Figure 19A). 
XGox-CF samples exhibited notably different morphologies as compared to those of the GMox-
CF aerogels, in which the pore walls consisted of a well-defined thin film and the pores were 
heterogeneous in shape and size (Figure 20A). A thin film was also observed in the XGox-
25NFC-CF samples. This thin film was not as smooth as in the XGox-CF sample, but was rather 
of a variable thickness (Figure 20B). A hexagonal, porous morphology was clearly observed in 
both the XGox-CF and the XGox-25NFC-CF samples, where the pores were well interconnected. 
UF resulted in a smaller pore size in XGox-UF (Figure 21A), where the porous structure was 
analogous to a honeycomb structure, and the pores were elongated in the direction of the freezing. 
The XGox-UF aerogel reinforced with NFC showed a very similar geometry of the pores, and the 
UF resulted in the aligned structure of the pores (Figure 21B). 
All the above-mentioned aerogel samples were prepared inside a capillary with an internal 
diameter of 0.8 mm, as explained in section 5.5.2.3. Next, a comparison of the aerogel’s structures 
prepared in small dimensions was performed with samples prepared in large dimensions (Cubical 
aerogels: 17 x 17 x 17 mm3). These cubical aerogel samples were compressed, as explained in 
section 4.6.3, before XMT scanning to observe any structural break down due to compression 
testing. Figure 23 represents the morphology of the bulk material (mechanically compressed 
[MC] cubical aerogel). The porous structure of the GMox-CF-MC was analogous to that of the 
GMox-CF (Figure 18A). The GMox-NFC-CF-MC aerogel showed a highly-interconnected 
structure (Figure 22B) compared to that of the respective GMox-CF-MC. The obtained aerogels 
exhibited a flexible structure that was squeezed when a compressive force was applied. 
Mechanical compression did not cause structural break down in the aerogel; instead, it bent the 
structure. 
Quantitative morphology of aerogels 
The digital nature of the XMT data enabled further quantitative analyses, such as the computation 
of the pore size and the pore wall thickness distributions. 
Pore size distributions 
The GMox-CF aerogels showed a random pore size distribution; although they had some large 
pores of over 300 μm, most of the pores were distributed in the range of 100 μm to 250 μm 
(Figure 23A). The addition of 25% NFC to the GMox-CF aerogels supports the effect of 
reinforcement on the pore size distribution (mostly in the range of 100 μm to 175 μm) of the 
polysaccharide aerogel (Figure 23B). The UF of the GMox-UF aerogels shifted most of the pore 
size distributions below 200 μm (Figure 23C). Considering both parameters, the NFC addition 
and UF, at the same time resulted in a pore size reduction of 50%, with most of the pores residing 
in the range of 25 μm to 85 μm (Figure 23D). The XGox-CF aerogel also exhibited pore size 
distributions between 50 μm to 200 μm, however, some pores over 400 μm were also observed 
(Figure 24A). The XGox-UF and XGox-25NFC-UF aerogels exhibited similar pore size 
distributions (Figures 24) as the GMox-UF and GMox-25NFC-UF aerogels (Figures 23). When 
comparing the pore size distributions of the MC cubical aerogel samples, most of the pores in the 
GMox-CF-MC aerogels were below the 200 μm mark, but some were larger than 400 μm (Figure 
25A). The GMox-25NFC-CF-MC aerogels showed 50% of the pores were distributed below 100 
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Figure 17: Focused ion beam scanning electron microscope (FIB-SEM) images of
lyophilized aerogels. A) GMox-CF, and B) GMox-25NFC-CF. Scanning electron
micrographs of sc-CO2-dried GMox aerogels (C and E), and GMox-25NFC aerogels (D and 
F), using ethanol (EtOH) and dimethyl sulfoxide (DMSO) in a solvent exchange (five steps),
respectively. CF = conventional freezing. The scale bars are 200 μm, 300 μm, and 200 nm 
for A, B, and E respectively, and 1 μm for C, D, and F. 
A) GMox-CF 
B) GMox-25NFC-CF 
Figure 18: Three-dimensional reconstructed images from the synchrotron phase contrast
microtomography of an A) oxidized GM (GMox) aerogel and B) an aerogel reinforced
with 25% NFC (GMox-25NFC), prepared by conventional freezing (CF). The size is
495.33 x 495.33 x 660.33 μm3 in the XYZ axis.  
A) GMox-UF 
B) GMox-25NFC-UF 
Figure 19: Three-dimensional reconstructed images from the synchrotron phase contrast
microtomography of an A) oxidized GM (GMox) aerogel and B) an aerogel reinforced with
25% NFC (GMox-25NFC), prepared by unidirectional freezing (UF). The size is 495.33 x
495.33 x 660.33 μm3 in the XYZ axis.  
A) XGox-CF 
B) XGox-25NFC-CF 
Figure 20: Three-dimensional reconstructed images from the synchrotron phase contrast
microtomography of an A) oxidized XG (XGox) aerogel and B) an aerogel reinforced with
25% NFC (XGox-25NFC), prepared by conventional freezing (CF). The size is 495.33 x
495.33 x 660.33 μm3 in the XYZ axis.  
A) XGox-UF 
B) XGox-25NFC-UF 
Figure 21: Three-dimensional reconstructed images from the synchrotron phase contrast
microtomography of an A) oxidized XG (XGox) aerogel and B) an aerogel reinforced with
25% NFC (XGox-25NFC), prepared by unidirectional freezing (UF). The size is 495.33 x
495.33 x 660.33 μm3 in the XYZ axis.
A) GMox-CF-MC 
B) GMox-25NFC-CF-MC 
Figure 22: Three-dimensional reconstructed images from the synchrotron phase contrast 
microtomography of an A) oxidized GM (GMox) aerogel and B) an aerogel reinforced with
25% NFC (GMox-25NFC), prepared by conventional freezing (CF) from mechanically 
compressed (MC) aerogel. The size is 495.33 x 495.33 x 660.33 μm3 in the XYZ axis. 
A) GMox-CF B) GMox-25NFC-CF 
C) GMox-UF D) GMox-25NFC-UF 
Figure 23: Pore size distributions of GMox (A and C) and GMox reinforced with 25% NFC 
(GMox-25NFC; B and D), prepared by conventional freezing (CF) and unidirectional 
freezing (UF).  
A) XGox-CF B) XGox-25NFC-CF 
C) XGox-UF 
D) XGox-25NFC-UF 
Figure 24: Pore size distributions of XGox (A and C) and XGox reinforced with 25% 
NFC (XGox-25NFC; B and D), prepared by conventional freezing (CF) and unidirectional 
freezing (UF). 
A) GMox-CF-MC B) GMox-25NFC-CF-MC 
Figure 25: Pore size distributions of mechanically compressed (MC) aerogels of (A)
GMox and (B) GMox reinforced with 25% NFC (GMox-25NFC), prepared by
conventional freezing (CF). 
Volume-weighted pore wall thickness distribution 
The pore wall thickness of GMox and XGox aerogels with and without NFC was mostly in the 
range of 3 μm to 7 μm, regardless of the freezing method (Study II). Aerogel samples of GMox 
and GMox-25NFC from the MC cubical sample (Study II) also showed pore wall thicknesses 
comparable to those of the aerogel samples prepared inside the capillaries. The aerogels obtained 
did not show external volumetric shrinkage. However, the pore walls showed a bending/buckling 
structure that was observed in all of the aerogel samples (Study II and the supplementary data).  
5.5.3 Mechanical properties 
Mechanical behavior is a key characteristic of the aerogels that depends on the geometry of the 
pores (shape and size) in the 3D architecture of the material and the density. The drying method 
has a direct influence on the porous structure of the aerogels. Aerogels were prepared using two 
drying methods: lyophilization and supercritical CO2. Both drying techniques resulted in 
completely different morphologies of the aerogels, so it is important to know the mechanical 
behavior of the lyophilized and supercritical CO2-dried aerogels. The aerogels were compressed 
to one-third of their original height to characterize the mechanical behavior.  
Lyophilized aerogels (Study I) showed ductile characteristics and were plastically deformed 
without fracture upon application of the compressive force, which was visually observed during 
the compression testing. During the mechanical compression testing, the structure of the GMox 
aerogels was more smoothly compressed than that of the XGox aerogels, where the structure bent 
inwards from one or two sides. In this study, NFC was added as a reinforcement at different 
concentrations (5%, 15%, and 25%) to observe the effect of reinforcement on the mechanical 
properties of the matrix polysaccharides (GMox and XGox). The GMox aerogels exhibited an 
increasing trend in compressive moduli with NFC reinforcement (Figure 26). The plain GMox 
aerogels had a compressive modulus of 74 kPa, and the GMox-5NFC aerogels had a compressive 
modulus of 104 kPa. At 15% (GMox-15NFC) and 25% (GMox-25NFC) NFC content, 
compressive moduli of 156 and 167 kPa were found, respectively. The plain XGox aerogels had 
a higher compressive modulus (106 kPa) than the corresponding plain GMox aerogel. However, 
only moderate increases in the compressive moduli were observed in the NFC-reinforced XGox 
aerogels. The compressive moduli were 115, 122, and 126 kPa for the XGox-5NFC, XGox-
15NFC, and XGox-25NFC aerogels, respectively (Figure 26). 
In Study II, aerogels were also prepared by lyophilization. The porous structure of the lyophilized 
aerogels is the direct replica of the ice crystals formed during the freezing process, which permits 
more control over the porosity of the aerogel. Therefore, two different ice-templating methods 
(CF and UF) were used in this study to affect the porous structure of the obtained aerogels and, 
hence, the mechanical and shape-recovery properties of the aerogels.  
The compressive moduli of the aerogels were in the range of 16 kPa to 330 kPa, depending on 
the polysaccharide type, the addition of NFC, and the ice-templating method (Figure 27A). The 
GMox-UF aerogels showed a higher compressive modulus compared to the other aerogels. 
GMox-NFC-CF aerogels displayed a higher compressive modulus compared to GMox-CF. 
However, XGox-NFC-CF aerogels did not follow this trend, and the same was also true for both 
GMox-NFC-UF and XGox-NFC-UF aerogels. Reinforcement with NFC (25%) clearly exhibited 
significant effects on narrowing the pore size distributions. However, the effect of NFC on the 
mechanical properties was not clearly observed for XGox aerogels. 
The shape recovery (height recovery after compression) of the aerogels is presented in Figure 
27B. The GMox-UF and GMox-NFC-UF aerogels exhibited shape recovery, contrary to the 
corresponding aerogels prepared by conventional freezing. Shape recovery of the GMox and 
XGox aerogels was higher than that of the corresponding aerogels containing NFC as a 
reinforcement when the conventional freezing method was used. The shape recovery and 
compressive moduli of the XGox and XGox-NFC aerogels also followed the same trend within 
the freezing method (Figure 27B). 
In Study III, another parameter was determined to calculate the stiffness of sc-CO2-dried aerogels 
in response to added NFC. Due to volumetric shrinkage, the dimensions of the samples varied 
between GMox and GMox-25NFC, so the maximum force was calculated when the aerogels were 
compressed to one-third of their original height. GMox-EtOH and GMox-DMSO aerogels 
exhibited maximum forces of 20 N and 40 N, respectively (Figure 28). The suffix (EtOH and 
Figure 26: Compressive moduli of oxidized GMox and XGox aerogels with and without 
NFC reinforcement (5%, 15%, and 25%) prepared by lyophilization. The analyses were



















DMSO) of each sample’s name indicates the solvent used for solvent exchange. The higher 
maximum force for GMox-DMSO can be explained by the higher density of these aerogels. 
GMox-25NFC-EtOH and GMox-25NFC-DMSO aerogels showed maximum forces of 33 N and 















Figure 28: Maximum force during compression testing of sc-CO2-dried aerogels. 
EtOH (ethanol) and DMSO indicate the solvent used for solvent exchange. Error 
bars represent standard deviation from six replicate measurements. 
Figure 27: A) Compressive moduli and B) height recovery after the compression test of the
aerogels. GM = guar galactomannan, XG = tamarind xyloglucan, ox = oxidized, NFC =
nanofibrillated cellulose, CF = conventional freezing, UF = unidirectional freezing. 
A B 
5.5.4 Correlations between the properties of the hydrogels and aerogels  
Principal component analysis (PCA) was used as an explanatory tool for grouping the measured 
variables and envisioning the positions of different sample types in terms of their properties 
(Figure 29). The moduli of the hydrogels and aerogels, as well as the hydrogel adhesiveness, 
loaded positively on principal component 1 (PC1), whereas negative loadings for the 
cohesiveness, springiness, resilience, maximum compressive force (MCF) of hydrogels, and BET 
surface area of aerogels were obtained. Principal component 2 (PC2) separated the negatively 
loaded compressive modulus of the hydrogels, adhesiveness, MCF, and BET surface area from 
the other, positively loaded properties. The first two principal components (PC1 and PC2) 
explained 39.6% and 33.2% of the variance and resulted in a cumulative value of 72.8%. The 
factor scores (Figure 29B) distinguished the samples with positive scores on PC1 for GM-based 
and negative scores on PC1 for the XG-based hydrogels and aerogels, while PC2 separated the 
GM and XG hydrogels and aerogels according to the NFC content. 
The variables with high PC1 loadings, that is, the viscoelastic properties of hydrogels and the 
stiffness of hydrogels and aerogels, were associated with high factor scores for the GMox 
samples. PC1 seemed to reflect the polysaccharide matrix composition and stiffness of the 
samples versus their textural properties (Figure 29A). The high PC2 loadings tended to follow 
the higher NFC content, regardless of the matrix biopolymer type (GM and XG). From the PCA 
Figure 29: Principal component analysis (PCA) factor loadings for the various (A) hydrogel 
and aerogel properties and (B) factor scores for the sample types plotted against the first two 
principal components. H = hydrogels, A = aerogels, CM = compressive modulus, MCF =
maximum compressive force, VM = viscous modulus, and EM = elastic modulus. The sample
abbreviations and compositions are explained in Table 1. 
A B 
results, we confirmed that the properties of GMox and XGox in hydrogel and aerogel form were 
determined by the NFC content and the interaction of the matrix biopolymer (GM and XG) with 
the NFC. The high G´ and G´´ of the NFC-reinforced GMox hydrogels, as determined with 
rheology, were associated with a high compressive modulus of the aerogels, indicating that highly 
elastic hydrogels may produce stiff aerogels. 
  
6 DISCUSSION 
Aerogel formation consists of two steps, the formation of the hydrogels followed by the removal 
of the liquid phase using techniques capable of leaving the hydrogel’s 3D structure intact in dry 
form. GM and XG were used as aerogel-forming matrices and cross-linked using enzymatic 
oxidation to form hydrogels, a gel in which the solvent is water. NFC was used as a reinforcing 
agent to obtain composite GM- or XG-based aerogels.  
6.1 Hydrogel properties 
The native aqueous solutions of both matrix polysaccharides (GM and XG) are not able to form 
a gel, but rather display the properties of a viscous solution (Figure 9). These properties remained 
unchanged even with addition of 25% NFC. After enzymatic cross-linking, both GMox and XGox 
form hydrogels with added NFC. The degree of oxidation shows that the addition of NFC did not 
affect the enzymatic activity (Table 4).  
6.1.1 Viscoelastic and textural properties of hydrogels 
The viscoelastic properties of the hydrogels showed that the addition of NFC strengthened the 
structure of both GMox and XGox hydrogels, increasing with increasing quantities of NFC (5%, 
15%, and 25%; Figure 9). However, the strengthening effect of the NFC depends on the type of 
matrix polysaccharide (GM or XG). The GMox hydrogels displayed three times higher elastic 
moduli (170 Pa) with the incorporation of 25% of NFC as compared to the plain GMox hydrogels. 
On the other hand, The XGox hydrogels showed an elastic modulus of 12 Pa, and the addition of 
25% NFC increased the elastic modulus by eleven times (137 Pa; Table 4). When a large 
deformation was applied to the hydrogels (compression testing), the XGox ones exhibited a 
stronger structure as compared to the GMox hydrogels with added NFC (Figure 10), which 
supports the viscoelastic data. However, the GMox-based hydrogels reinforced with NFC (5–
25%) displayed faster instant shape recovery as compared to the XGox-based hydrogels due to 
the higher cohesiveness and springiness values (Table 4).  
GM tends to form different structural conformations in aqueous solutions, such as a flexible 
random coil, a star-like structural conformation (Wientjes et al. 2000), and a semi-helix and helix 
configuration were reported upon the removal of the D-galactosyl side group. These complex 
conformations and faster hydrogel formation, due to the higher oxidizable galactose content 
(40%), may affect the GM–GM and GM–NFC interactions and the formation of networks after 
the enzyme-induced gelation. Instead, XG tends to form flat, ribbon-like conformations, which 
are akin to cellulose (Umemura and Yuguchi 2005). A recent study reported that XG had 
rectilinear, slender and rod-like structures, which could aggregate as a cross-like shape, parallel-
like shape assemblies, and probably rope-like shape structures (Kozioł et al. 2015). Furthermore, 
XG has a natural affinity to bind to cellulose surfaces (Zhao et al. 2014). Therefore, the enzyme-
mediated gelation and adsorption of XG onto NFC surfaces may proceed simultaneously (slow 
gel formation because of lower amount of oxidizable galactose units [16 %]), during the hydrogel 
formation that might explain the strong network development.  
GM and XG are food-grade biopolymers (Mishra and Malhotra 2009; Wielinga 2009), and the 
GMox and XGox hydrogels are considered safe for food-related applications, such as low-calorie 
food applications, the formation of edible films for food packaging, and biomedical applications 
such as a topical therapy for skin and cell culture transportation (Chen et al. 2012; Li 2016), 
because these hydrogels are prepared using an environmentally friendly enzymatic technique 
without the addition of hazardous chemicals. The rheological and texture profile properties 
provide information about the hydrogels that is useful for their applicability and processability in 
industrial manufacturing, either as a hydrogel or during their conversion into dry aerogels. 
6.1.2 Hydrogel’s structural response to solvents 
To proceed with the sc-CO2 drying, a pre-step of replacing the water with a solvent compatible 
with the hydrogel’s structure that was also miscible with sc-CO2 was required. There is no study 
available on the sc-CO2 drying of GMox-based hydrogels to aerogels. Therefore, GMox-based 
hydrogels were subjected to a one-step solvent exchange study with thirteen different solvents of 
varying polarities to see the structural shrinkage response to different solvents.   
Immersing the GMox hydrogels directly into pure solvent showed a higher volumetric shrinkage 
of the hydrogels that was inversely proportional to the polarity of the tested solvents (Figure 11). 
However, GMox hydrogels with 25% NFC displayed low volumetric shrinkage. Furthermore, 
immersion of the hydrogels into pure solvent also caused other changes to their properties, such 
as changes in shape, color, and transparency (Figure 12). Hansen solubility parameters of the 
solvents were used to gain more understanding about the volumetric shrinkage response of the 
hydrogels.  
When volumetric yields of the hydrogels were displayed as function of the solvent’s total Hansen 
solubility parameters, δt, then no significant correlation was found in the data (Figure 13A). 
However, when the volumetric yields of the hydrogels were presented as a function of the 
hydrogen bonding component of the Hansen solubility parameter (h values), then the solvents 
were grouped based on functionality (Figure 13B). This showed that the volumetric yields of the 
enzymatically cross-linked GMox-based hydrogels seemed to be an increasing function of the 
hydrogen-bond component of the Hansen solubility parameter (h values) for the solvents that 
shared a chemical similarity. The Hansen solubility parameter provides a direction for solvent 
selection that is compatible with the hydrogels. However, the choice of solvent also depends on 
other factors, such as solvent miscibility with a supercritical fluid (CO2) and the safety of the 
solvent. Based on these factors, ethanol and DMSO were selected for further solvent 
concentration gradient studies and for sc-CO2 drying.  
Immersion of the hydrogels stepwise in an increasing concentration of solvent showed low 
volumetric shrinkage and resulted in higher volumes of recovery. GMox and GMox-25NFC 
hydrogels exhibited different patterns of behavior as compared to each other within a solvent and 
with the different solvent types (ethanol or DMSO; Figure 14). Solvent concentrations of 40% 
and 60% for ethanol and DMSO, respectively, appeared to be critical concentrations for the 
studied hydrogels, as the maximum volumetric shrinkage was observed here. Severe structural 
changes occurred at this concentration range because the dehydration of hydrogel’s structure and 
the hydrogel’s body could not withstand the internal stress that lead to high volumetric shrinkage. 
This study showed that the compatibility of the solvent is very important to avoid higher 
volumetric shrinkage. These results also present the effective role of NFC in strengthening the 
structure of GMox hydrogels, as GMox-25NFC hydrogels showed good compatibility with both 
the ethanol and DMSO solvents. In earlier studies, the reported volumetric yields for 
polysaccharide-based hydrogels were in a similar range to the current study. For example, 
volumetric yields of 29% and 47% for calcium-alginate (1 wt.%) hydrogels after solvent 
exchange in ethanol and DMSO, respectively, were reported (Raman et al. 2015b). Calcium-
alginate (2 wt.%) and potato starch (12.5 wt.%) hydrogels showed 36% and 23% volumetric 
yields, respectively, in ethanol (Mehling et al. 2009).  
6.2 Effect of drying method on volumetric shrinkage 
GMox- and XGox-based aerogels do not show any volumetric shrinkage during lyophilization 
and the aerogels retain almost all of the original volume of hydrogels (Figure 16). However, the 
GMox-based aerogels prepared by sc-CO2 drying displayed significant volumetric shrinkage 
(Table 5). Studies showed that solvents such as DMSO have a good compatibility with hydrogel 
structures but exhibited higher volumetric shrinkage due to less miscibility with supercritical 
CO2. In sc-CO2 drying, the volumetric shrinkage can be minimized by using a mixture of solvents 
or using first DMSO followed by ethanol for solvent exchange before drying, which is a study 
that should be considered in the future. Volumetric shrinkage in the range of 60 to 85% was 
reported for sc-CO2-dried polysaccharide-based aerogels, like from calcium-alginate, chitosan, 
and potato starch (Quignard et al. 2008; Mehling et al. 2009; Raman et al. 2015b). However, the 
volumetric shrinkage depends on the pre-history of the gels, such as the concentration, cross-
linking technique, and solvent exchange procedure. 
6.3 Effect of processing parameters on the aerogel’s morphology 
The properties of the aerogel are mainly based on the porous structure, which is more dependent 
on the type of drying method (Valentin et al. 2005; Quignard et al. 2008). In lyophilization, the 
porous structure is limited by the shape and size of the ice crystals formed during the freezing 
step, while the porous structure is least affected by sc-CO2 drying if there is no volumetric 
shrinkage at the solvent exchange and drying steps.  
Lyophilized GMox/XGox-based aerogels showed lower density values (Table 5) than those 
reported earlier for lyophilized polysaccharide-based aerogels (Table 2). However, sc-CO2-dried 
GMox-based aerogels exhibited slightly higher density values due to volumetric shrinkage as 
compared to lyophilized aerogels (Table 5), but the values were still lower than those of many 
reported for sc-CO2-dried polysaccharide aerogels (Table 2). The growth of ice crystals pushed 
the hydrogel’s structure between the spaces of adjacent growing ice crystals, and when ice crystals 
were removed during lyophilization a well-defined pore wall was left behind (Figure 17) and 
larger pore sizes in the range of 125 to 250 μm were found (Figure 17). Therefore, the freezing 
step is very important, as it will determine the porous structure of the lyophilized aerogels. Larger 
pore sizes lead to a low BET-surface area (< 10 m2/g) of these aerogels which is similar to earlier 
reported lyophilized NFC-xyloglucan (11.9 m2/g) and NFC aerogel (11 m2/g) (Table 5). Even 
lower BET-surface area was reported for starch and lignin composite aerogel (1.35 m2/g) (Ago et 
al., 2016). On the other hand, the sc-CO2-dried aerogels displayed a highly porous and highly 
interconnected network of aerogel matrix with a smaller pore size distribution (Figure 17). Due 
to the smaller pore size distribution, the sc-CO2-dried GMox aerogels exhibited very high BET 
surface areas (ranging from 182 to 333 m2/g) depending on the types of solvents used for the 
solvent exchange and types of aerogel (GMox or GMox-25NFC). Aerogel from GM (4 wt. % dry 
content) prepared by ethanol-induced gelation followed by sc-CO2 drying showed lower BET-
surface area (111 m2/g) as compared to studied GM aerogels (1 wt. % dry content) (Table 5). 
However, literature showed that the BET-surface area of sc-CO2 dried polysaccharide-based 
aerogels were up to 510 m2/g for low methoxyl pectin aerogel (Horvat et al., 2017). 
Morphological features, such as pore geometry, pore size distribution, and the visualization of the 
reinforcing agent and its distribution in the matrix, are very important in terms of applications 
and material properties. These features are not able to be measured with current probing 
techniques, such as electron microscopy or N2-physisorption. Therefore, XMT was used to truly 
measure the morphology of the aerogels. The XMT technique displayed promising results, as the 
fine structure of the lyophilized aerogels was clearly observed in the 3D-rendered volume 
(Figures 18-22). The significant difference between the aerogels was observed in the geometry 
of the pores of both the GMox and the XGox samples and in their composite aerogels with added 
NFC within the same ice-templating method (Figure 18 and 20). The digital nature of the XMT 
data is another advantage, which allowed the processing of the data for quantitative 
measurements. For example, the pore sizes and pore wall distributions in the aerogels were 
calculated. Pore size distribution data depicted the significant effect of the NFC addition when 
these aerogels were prepared with CF (Figure 23 and 24). UF further narrowed the pore size 
distributions, which were more prominent in the aerogel samples containing NFC (25%; Figure 
23 and 24). This showed that controlling the ice-templating conditions enabled the achievement 
of aerogels having an aligned structure and smaller pore size distributions without the addition of 
reinforcement. Considering both parameters (NFC addition and UF) at the same time resulted in 
aerogels with all pores below 100 μm. This was also true for XGox-based aerogels (Figure 24).  
The hydrogel properties, such as stiffness and elasticity, are also considered key parameters in 
the ice-templating approach because they govern the critical freezing front velocity at which the 
biopolymer structure is trapped during solidification (Wegst et al. 2010). The structures of the 
XGox hydrogels are more stretchy as compared to the GMox hydrogels, which allowed their 
structure to quickly reposition between the growing ice crystals during conventional ice-
templating (slow freezing), and the elasticity of the polysaccharide separated the ice crystals with 
a thin-film layer (Figure 20). The structure of the NFC-reinforced GMox and XGox hydrogels 
was stiff and constrained the size of the growing ice crystals.  
The proper compatibility and interaction of the reinforcing agent with the matrix biopolymer are 
imperative for achieving a high-performance composite material. XMT was used to trace the NFC 
in the GMox and XGox matrices, though visualizing NFC in the 3D structure is difficult due to 
the similar attenuation of X-rays by NFC and the matrix polysaccharides. Therefore, in this study, 
the NFC was not distinguished from the matrix polysaccharides in their biocomposite aerogel 
structure. However, the XMT technique showed promising results in visualizing the detailed 
qualitative and quantitative morphological features of the lightweight bio-based materials. 
Quantitative morphological data from the XMT scans indicated that the pore size distribution of 
the aerogels could be tailored by the addition of NFC as a reinforcement, and fast freezing further 
assisted in the narrowing of the pore size distributions. 
6.4 Mechanical properties 
The mechanical behavior and shape recovery of the porous material depends on the geometry of 
the pores (shape and size) in the 3D architecture of the material (Sauter et al. 2013; Martoïa et al. 
2016). The GMox- and XGox-based aerogels were ductile, and their structures were able to be 
squeezed into denser structures during compression testing instead of fracturing, as reported for 
calcium-alginate aerogels (Cheng et al. 2012). Both, GMox and XGox aerogels displayed stiff 
structures, with compressive moduli in the range of 75–100 kPa. However, the effect of the NFC 
reinforcement was much more prominent in the GMox aerogels (176 kPa) as compared to the 
XGox aerogels (126 kPa) (Figure 26).  
Unidirectional ice-templating created a porous structure and larger pore walls that were 
perpendicular to the applied stress, which resulted in a higher resistance to compressive stress. 
Because of this, aerogels prepared by unidirectional ice-templating methods portrayed higher 
compressive moduli than those of the corresponding aerogels prepared by conventional ice-
templating (Figure 27). However, the shape recovery behavior was contrary to the compressive 
moduli of the same aerogels (Figure 27B). Qualitative and quantitative data from the XMT, 
presented in Figure 18, were useful in explaining the reason behind this conflict. The larger pore 
walls buckled to their maximum capacity, and beyond that point, the compressive stress caused 
permanent deformations in the aerogel structure, which resulted in less shape recovery, as in the 
case of GMox-UF. These observations were not true for GMox-25NFC-UF aerogels (Figure 
27B), because there was no permanent deformation that occurred due to the smaller pore size 
distributions. So, the composite aerogels exhibit higher shape recovery. The same observations 
were also true for XGox-UF and XGox-25NFC-UF. 
Aerogels prepared by sc-CO2 drying also significantly illustrated the strengthening effect of NFC 
(Figure 28). It is important to note that the choice of solvent and its compatibility with the 
structure had a direct link to their mechanical properties. GMox and GMox-25NFC aerogels 
prepared using DMSO in the solvent exchange displayed higher maximum force values (40 and 
45 N, respectively) as compared to aerogels prepared using ethanol in the solvent exchange (20 
and 31 N, respectively) (Figure 28). Most of the earlier studies on sc-CO2 dried polysaccharide-
based aerogels lack the information about mechanical testing (Table 2). The sc-CO2 dried 
alginate-gelatin composite aerogels were mechanically tested in fully wet system (immersed in 
water for 20 h before testing) and showed the compressive modulus of 610 to 850 kPa (Baldino 
et al, 2016). Hybrid aerogels from alginate and starch exhibited compressive modulus of 60 to 
560 kPa, which is also tested in wet system where aerogels were immersed in phosphate buffered-
saline solution for 5-10 min before testing (Martins et al., 2015).  
Correlation of the hydrogel’s properties to the aerogel’s properties was not straightforward, as it 
most likely depended on the drying method. There are some other factors, such as the stiffness of 
the hydrogel’s structure, the amount of NFC reinforcement, the ice-templating method, the 
temperature of the ice-templating medium, the types of biopolymer, etc., that will also play a role.  
6.5 Potential applications of studied polysaccharide-based aerogels 
Polysaccharides are safe to use, biodegradable, and are derived from sustainable resources. The 
basic properties of polysaccharides remain intact after their selective modification using 
enzymatic oxidation, which has advantages over other inorganic methods for life-science 
applications. The polysaccharide-based aerogels presented here were prepared using two drying 
methods, lyophilization and sc-CO2, via enzymatic oxidation, and they portrayed unique and 
different morphological features and related properties. 
GMox- and XGox-based composite aerogels are safe for food and food-related applications 
because the cross-linking technique does not involve any toxic chemicals during the aerogel 
processing. Also, the aerogel-forming matrices (GM and XG) are food-grade additives that are 
already widely used as thickeners and stabilizers in the food industry (Wielinga 2009). 
Additionally, cellulose (NFC) is also used in food applications as a stabilizing agent, a functional 
food or drug for the treatment of intestinal disorders (using a formulation of 15 to 65% 
nanocellulose and 85 to 35% water-soluble saccharide), and in food packaging, as reviewed by 
Gόmez et al. (Gómez H. et al. 2016).  
GMox- and XGox-based composite aerogels displayed low density values, ductile structures, 
good mechanical stiffness, and shape recovery, which means they can be potentially utilized as 
primary and secondary packaging materials to avoid mechanical abrasion to fruits and vegetables 
during transportation. Applications can be extended in the food sector by incorporating active 
ingredients prior to cross-linking or drying or after drying, such as antimicrobial agents, to 
develop active packaging materials (Lotfinia et al. 2013). Tirsodium citrate cross-linked starch 
aerogel prepared by lyophilization was loaded with volatile antifungal trans-2-hexenal. The 
sustained release of trans-2-hexenal resulted in slower lethality of Aspergillus parasiticus cells 
inoculated on pistachio nuts (Abhari et al., 2017). Due to the hydrophilic nature of 
polysaccharide-based aerogels (Mikkonen, Parikka et al. 2014), they have a potential application 
as absorbents. Lyophilized GMox- and XGox-based aerogels exhibited highly porous structures 
in which the pore size ranged from 125 to 250 μm, which is considered optimal for the growth of 
cells in soft-tissue regenerations as scaffold (Podlipec et al. 2014; Quraishi et al. 2015). The sc-
CO2-dried, GMox-based aerogels exhibited pore sizes in the nanometer range and resulted in a 
high surface area. Aerogels having such morphologies are beneficial for absorption and controlled 
release applications in the food industry, such as for flavor or nutraceutical ingredients or as 
carrier materials in the pharmaceutical industry (Comin et al. 2012; Yan et al. 2016). 
Low thermal conductivity was reported for polysaccharide-based aerogels (Duong and Nguyen 
2016; Horvat et al. 2017), suggesting thermal insulation applications, which could be 
accomplished with the further upgrade of flame retardant properties to the aerogel matrix (Fan et 
al. 2017). As mentioned earlier, GMox- and XGox-based composite aerogels are hydrophilic, 
which is considered a limiting factor for insulation applications. The aerogel structure can easily 
absorb and release moisture from and to the atmosphere, but structure of aerogels in term of 
shrinkage or breakdown remained stable at atmospheric humidity, according to the visual 
observation. However, surfaces can be easily modified to hydrophobic surfaces (Cheng et al. 
2012). The enzyme-mediated gelation approach portrayed the incorporation of any ingredients or 
compounds into the gel matrix without compromising the cross-linking ability of enzymes, as 
demonstrated by the addition and entrapment of NFC. The advantage of using NFC as a 
reinforcement agent is that a new functionality on the NFC surface can be introduced using 
various surface-modification techniques (Missoum et al., 2013; Kalia et al., 2014), and that this 
functionality can be preserved in the aerogel matrix using enzymatic oxidation. The studied 
aerogels can be developed as conducting aerogels or magnetically responsive aerogels by the 
incorporation of carbon/graphene/nano-metallic particles. Moreover, the elastic behavior and 
textural profile properties of GMox- and XGox-based composite hydrogels showed potential for 
the pharmaceutical industry in toping applications containing active ingredients. 
Both drying methods have their own merits and demerits. sc-CO2 drying was successfully used 
to develop aerogels with meso- and macroporous structures, though the miscibility gap in the 
water/solvent/sc-CO2 system has limitations. Lyophilized aerogels are limited to larger pore-sized 
structures, but can be used for loading active principles into the aerogel’s matrices. This study 
showed that the careful selection of drying method, the control of processing conditions, and the 
addition of reinforcing agents will help to specifically tailor the properties of aerogels for certain 
applications. In future, new drying techniques, such as microwave oven drying (Durães et al. 
2013) will open new application opportunities for polysaccharide-based aerogels.  
  
7 CONCLUSION 
In this study, GaO was used to cross-link galactose-containing polysaccharides (GM and XG) in 
the presence of NFC as reinforcing agent to develop bio-based composite aerogels. The effect of 
NFC was studied on the formation of hydrogels and their properties, as well as on the properties 
of the corresponding aerogels. The role of NFC and the drying techniques (lyophilization and sc-
CO2) on the porous structure of the aerogels and their related properties were also investigated.  
The results clearly portrayed that the cross-linking ability of GaO was not compromised with 
NFC reinforcement. This reinforcement improved the properties of GMox- and XGox-composite 
hydrogels, such as the shape retainability, stiffness, viscoelastic properties, and mechanical 
properties, as compared to the corresponding hydrogels made from plain GMox and XGox. 
However, the effect of NFC reinforcement depends on the type of matrix polysaccharide (GM or 
XG). The structures of all of the hydrogels were elastic and easy to mold into any desired shape. 
Textural profile analysis data showed that XGox-based hydrogels were more adhesive and 
stretchy as compared to GMox-based hydrogels. Solvent-exchange data revealed that volumetric 
shrinkage depends on the types of solvent, as the compatibility of solvent with hydrogel’s 
structure is very important. Nevertheless, composite hydrogels exhibited significantly lower 
volumetric shrinkage as compared to plain polysaccharide hydrogels.  
The characteristic morphology of lyophilized aerogels, such as pore size and shape, is directly 
based on the shape and size of the ice crystals formed during the ice-templating process. Because 
of this, the pore sizes of lyophilized aerogels were in the range of 125 to 250 μm, which results 
in a low specific surface area (< 10 m2/g) for these aerogels. On the other hand, sc-CO2 drying 
preserved the mesoporous structure of the aerogels, although this method caused significant 
volumetric shrinkage during the drying process. The porous structure of sc-CO2-dried aerogels 
was notably different from the lyophilized aerogels. The size of the pores was a few nanometers 
to a few hundred nanometers, which resulted in specific surface areas up to 330 m2/g. Mechanical 
testing data of aerogels showed that all of the obtained aerogels have a ductile structure and the 
structure was compressible when stress was applied. The lyophilized aerogels exhibited shape 
recovery behavior to some extent. Most importantly, GMox and XGox aerogels reinforced with 
NFC displayed a stiff and strong structure as compared to their corresponding plain aerogels.  
In this thesis, XMT data revealed that it is a promising technique that can be utilized for the 
thorough characterization of the fine porous structure of bio-based aerogels in 3D space. 
Quantitative data from the XMT clearly demonstrated the effect of NFC reinforcement and ice-
templating methods on the pore size distributions. Quantitative XMT data clearly depicted the 
effect of NFC in narrowing the pore size distribution and giving more homogeneous pores in the 
aerogel matrix. Interestingly, the pore size distribution can be narrowed to same range as observed 
with the addition of 25% NFC by just controlling the ice-templating method without NFC 
reinforcement. However, this pore size distribution was not homogeneous. Both the addition of 
NFC and controlling the ice-templating method parameters worked together with a synergistic 
effect. The XMT data provided information about the shape recovery and mechanical behavior 
of the aerogels from their pore sizes and pore distribution within the aerogel matrix. Such 
information about the material’s structure and function assists in the ability to design the porous 
structure of the aerogels in the future for desired applications by controlling the processing 
conditions. Such detailed information about the morphology is difficult to obtain with SEM 
techniques.  
In short, this study showed that the properties of aerogels were dependent on many factors, such 
as the types of biopolymers (GM and XG) used, their interaction with NFC, and the morphology 
of the produced aerogel, including pore sizes and their distribution. This later characteristic was 
significantly dependent on the type of drying technique and pre-drying steps, which complicates 
the prediction of an aerogel’s properties from a hydrogel’s properties. Therefore, aerogels with 
desired characteristics can be obtained by the selection of starting material and drying technique 
with a careful control of processing parameters.  
As shown here, enzyme-mediated gelation presented a promising technique to produce bio-based 
composite aerogels. This technique opens new possibilities for incorporating numerous 
reinforcing agents as well as biologically active ingredients into the aerogel matrix. The 
advantage of using NFC as a reinforcement agent is that a new functionality on the NFC surface 
can be introduced using various surface-modification techniques, and that this functionality can 
be preserved in the aerogel matrix using enzymatic oxidation. The obtained bio-based aerogels 
are hydrophilic in nature, however upon rehydration and ambient drying at room conditions will 
resulted in loss of structural integrity of the aerogels. But, these aerogels can withstand the 
atmospheric humidity conditions. The obtained bio-based composite aerogels can be labeled as 
“green materials,” since the raw materials are isolated from renewable resources (plants) and there 
is no use of hazardous chemicals in the material preparation. These bio-based composite aerogels 
can also find various applications, such as for water absorbents, mechanical support for food 
packaging, biocompatible delivery systems, tissue-engineering scaffolds, and the encapsulation 
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